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INATIONAL PETROLEUM COUNCIL

1625 K Street, N.W., Washington, D.C. 20006 (202) 393-6100

June 21, 1984

The Honorable
Donald Paul Hodel

Secretary of Energy
Washington, D.C. 20585

My dear Mr. Secretary:

On behalf of the members of the National Petroleum Council, I am pleased
to transmit to you the report Enhanced Oil Recovery, as approved by the Council
at its meeting on June 21, 1984. This report was prepared in response to a March 10,
1982 request from the Secretary of Energy. It is gratifying to advise you that
we have reached the broad conclusion that enhanced oil recovery (EOR) from known
reservoirs in the United States could contribute significantly to the nation's future
domestic crude oil supply. However, this potential is highly dependent on a broad
spectrum of economic, technological, and policy considerations and constraints,
which will require the concerted attention of both industry and government in
order for the nation to realize the benefits of this resource.

Conventional primary and secondary recovery methods will produce only
about one-third of the oil discovered in the United States to date. Of the remaining
two-thirds, a portion is producible through EOR technology. The report concludes
that as much as 14.5 billion barrels of additional oil could ultimately be recovered
with the successful application of existing EOR technology, under current economic
conditions. The rate at which this additional resource could be produced is equally
significant, potentially exceeding 1 million barrels per day by the early 1990s and
sustaining this rate for nearly twenty years. The Council believes that this report
presents the most realistic estimate made to date on the timing of enhanced oil
production.

Technology and economics will both have a major impact on enhanced recov-
ery potential. Technical uncertainties still exist with regard to the various EOR
processes examined in the report; the level of technical maturity varies among
the processes. The report demonstrates the significant impact that technological
advances can have on the recovery potential. However, only through continued
process research and field testing, with both industry and government support,
can the large volume of hydrocarbons discussed in the report be produced. Addi-
tionally, the high costs and risks associated with EOR development present poten-
tial economic constraints that must be met with reasonable and consistent economic
and regulatory policies.

An Advisory Committee to the Secretary of Energy
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While the report demonstrates the significant potential recovery from EOR
methods, this potential represents only a fraction of the production that will be
required to meet the nation's future demand for liquid petroleum. If successfully
applied, EOR methods can constitute an important contribution to the future domes-
tic petroleum supply and must be vigorously pursued by both industry and govern-
ment. However, the potential recovery from EOR methods will not by itself be
a solution to the nation's long-term energy needs. It must be emphasized that
this potential should be considered as but one component of the supply mix neces-
sary to meet these needs. All other sources must also be considered.

The National Petroleum Council is pleased to be able to serve you and our
nation. We sincerely hope that this study benefits you and the government in your
efforts to facilitate the expansion of the U.S. liquid fuels supply through the develop-
ment of all potential resources.

Rectfully submitted,

Robert A. Mosbacher
Chairman

RAM/pkd
Enclosure
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During the 1970s, declining domestic pro-
duction and increasing demand for oil forced
the United States into a greater reliance on
foreign supplies. While much has been ac-
complished since then in arresting the decline
in domestic production and reducing consump-
tion, the nation’s oil supply problem has not
been solved on a long-term basis. Future de-
mand for liquid fuels will have to be met from
a number of competing sources, including the
production of more oil—‘'‘enhanced recov-
ery’’—from known domestic oil fields.

In 1976, the National Petroleum Council
(NPC) issued its report entitled Enhanced Oil
Recovery: An Analysis of the Potential for
Enhanced Oil Recovery from Known
Fields—1976-2000. That report was a com-
prehensive, far-reaching analysis of enhanced
oil recovery (EOR) potential in the United States
that focused on the processes by which
recovery from existing reservoirs might be
improved.

Since that time, there have been significant
changes in technologies, economics, govern-
ment policy, and the U.S. energy outlook in
general that will have an effect on the potential
for enhanced oil recovery, as presented in the
1976 NPC report. Extensions in process
technologies have had animpact on the amount
of incremental oil that can be produced and the
rate at which it is produced. Also, the general
environment in which the petroleum industry
operates, including the regulatory climate, has
changed dramatically such that the projected
costs and economic assumptions of the 1976
report are outdated.

In recognition of these changes, on
March 10, 1982, the Secretary of Energy re-
quested the NPC to undertake a new study of

enhanced oil recovery, updating it where ap-
propriate and expanding on it where necessary.
(The complete text of the Secretary’s request
letter, a description of the National Petroleum
Council, and a roster of the Council member-
ship are provided in Appendix A.)

The NPC agreed to a complete restudy,
rather than a literal update, of the 1976 report.
Since 1976, a number of studies, both in in-
dustry and government, have been conducted
to assess the potential for enhanced oil
recovery. However, this study represents the
first significant industry-wide effort since 1978.

To assist it in response to the Secretary's
request, the Council established the Commit-
tee on Enhanced Oil Recovery, under the Chair-
manship of Ralph E. Bailey, Chairman and
Chief Executive Officer, Conoco Inc. Hon.
William A. Vaughan, Assistant Secretary for
Fossil Energy, U.S. Department of Energy,
served as Government Cochairman of the
Committee.! The Committee established a
Coordinating Subcommittee to aid it in direc-
ting the overall study effort, and four task
groups to assist in defining consistent,
reasonable estimates of EOR potential. The
broad membership of these groups includes
representatives of both major and independent
petroleumn companies and the academic, con-
sulting, and environmental communities.
Rosters of these study groups are included in
Appendix B. In selecting the study participants,
an attempt was made to appoint individuals
who represented the various divergent views on

'Hon. Jan W. Mares served as Government Cochairman until
January 1984.



enhanced recovery. As might be expected,
there are varying degrees of optimism regarding
the potential of enhanced recovery. Although
all study participants do not necessarily en-
dorse every part, the report represents a con-
sensus of the participants’ views.

This study presents estimates of the
amount and timing of incremental oil that
might be recovered through the application of
EOR techniques to known reservoirs in the
United States over the next 30 years. The
results presented in the study are not intended
to be a forecast of what will occur. Rather they
represent projections of what could happen
under certain technical and economic
assumptions and constraints. The study
results do not reflect the impact of new oil
discoveries or the possible application of EOR
methods to those fields.

The study results are based on a detailed
analysis of the resource base thought to be most
amenable to EOR methods. A thorough review
was made of state-of-the-art technologies of the
processes considered, the costs associated with
enhanced recovery, and the economic and
physical factors, both internal and external to
the processes, that may affect the EOR poten-
tial. In addition to the presentation of recovery
and rate estimates, the study outlines the
significant changes affecting enhanced
recovery since the 1976 NPC report was issued.
The potential environmental impacts
associated with EOR operations are assessed,
as is the relative importance of enhanced oil
recovery to the nation’s energy supply. The
study also addresses recent research efforts and
the future implications for research and
development programs.
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Background

Enhanced oil recovery, for the purposes of
this study, is defined as the incremental
ultimate oil that can be economically produced
from a petroleum reservoir over that which can
be economically recovered by conventional
primary and secondary methods. Primary
methods rely on the natural reservoir energy to
drive the oil through reservoir rock to the pro-
duction wells. Over time, this natural energy
drive dissipates, and energy must be added to
the reservoir to produce significant amounts of
additional oil. Conventional secondary recovery
methods introduce additional energy through
the injection of water or gas, under pressure, in-
to the formation. Waterflooding has been and
continues to be very successful at improving
the recovery of oil from known reservoirs.

Although secondary methods such as
waterflooding are, in the broadest sense,
methods for enhancing oil recovery, this study
focuses on the potential recovery from other
processes that have been developed and field
tested and have achieved some level of
technical and/or commercial success in the
field. These EOR processes have often been
referred to as tertiary recovery methods.
However, the term “‘enhanced oil recovery,” as
used in this report, is considered to have a
broader meaning than ‘‘tertiary oil recovery,”
in that the potential from reservoirs that are not
suitable for the application of conventional
primary and secondary techniques is included.

The three general classifications of EOR
methods that have shown significant promise
are: (1) chemical flooding; (2) miscible flooding;
and (3) thermal recovery. Although other

methods have been studied and tested, these
three methods are thought to have the greatest
potential for recovering additional oil from
known reservoirs in the 30-year time frame of
this study. The various processes that fall
within these three classifications differ con-
siderably in the physical mechanisms for oil
recovery, the level of maturity gained through
field application, and the potential for technical
and economic success.

Recovery from EOR methods currently ac-
counts for 6 percent of U.S. daily oil production.
The resource to which enhanced oil recovery
may be applied in the future is significant
because conventional primary and secondary
methods are expected to recover only about
one-third of the oil originally discovered. Much
of the remaining two-thirds of the oil originally
in place (OOIP) is not producible, due to adverse
fluid properties and unfavorable reservoir
geology. However, a portion of this remaining
resource will constitute the target for enhanced
oil recovery.

Analysis Procedures

This study analyzes the potential for
enhanced oil recovery from known reservoirs in
the United States. Potential producing rates
during the 30-year time frame of the study, and
incremental ultimate recovery achievable from
EOR processes, were calculated for a wide range
of technical and economic assumptions. Within
the three general EOR methods, six distinct pro-
cesses are considered: chemical methods, in-
cluding polymer flooding, surfactant flooding,
and alkaline flooding; miscible displacement



methods, including carbon dioxide (CO,) misci-
ble flooding; and thermal recovery methods, in-
cluding steamflooding and in situ combustion.

The analysis is based on a resource data
base consisting of over 2,500 reservoirs with ap-
proximately 325 billion barrels of OOIP. This
data base was developed from a variety of
sources, and was extensively reviewed and
upgraded by the study participants. It
represents over two-thirds of all the oil that has
been discovered in the United States to date.

In order to reflect potential technological
improvements in EOR processes, two
technology cases were studied. The Imple-
mented Technology Case refers to technology
that is currently proven in the field, at least in
the field test stage. The Advanced Technology
Case refers to technology advancements that
might conceivably come about within the
30-year time frame of the study.

Initially, the technical feasibility of process
application was determined for the reservoirs
in the data base. Screening criteria, based on
process characteristics, reservoir geologic con-
ditions, and fluid properties, were developed to
make this determination. In many cases, a
given reservoir was found to be amenable to
more than one EOR process. Such reservoirs
were eventually assigned to the process that
recovered the most oil, provided that a specified
rate of return was achieved.

Recovery performance was estimated for
each reservoir according to the process or pro-
cesses found to be applicable from the screens.
Simplified predictive models were extensively
calibrated against actual field performance data
and against predictions of more complex reser-
voir simulators, and then were used to estimate
incremental ultimate recovery and potential
producing rates for each reservoir/process
combination.

Detailed costs associated with the im-
plementation of each EOR process were also
defined. These include process-independent
cost data, such as well drilling and completion
costs, and process-dependent costs encompass-
ing those costs specific to the individual EOR
processes.

A standard economics program, ap-
propriately modified for each process, was used
to provide a measure of project profitability.
Economic evaluation criteria were chosen to
represent a broad range of conditions. Evalua-
tions were made for each project on the basis
of four oil price cases and three minimum rates
of return.

Crude oil prices considered in the report are
$20, $30, $40, and $50 per barrel. These prices

are assumed to be effective at the start of the
study period and remain constant throughout
the 30-year time frame of the study. All crude
oil prices are expressed in nominal terms and
relate to 40°API mid-continent crude oil; reduc-
tions were made to reflect crude oil quality dif-
ferentials and transportation costs. A constant
dollar analysis procedure was used in all evalua-
tions, with all costs and prices being expressed
in constant 1983 dollars. The constant crude oil
price and constant dollar analysis procedures
were used to provide a measure of comparabil-
ity for the various study projections, which
might otherwise be distorted by varying
estimates of the unpredictable factors of infla-
tion and the timing of crude oil price changes.

Three minimum discounted cash flow rates
of return were assumed as criteria for
evaluating each reservoir. These rates of O, 10,
and 20 percent were used in the analysis only
as economic screens and are not expectations
for results. They are assumed to represent after-
tax rates, and are independent of the effect of
inflation. The use of these minimum rates of
return is not meant to imply that any one par-
ticular rate is acceptable to the petroleum in-
dustry as a whole. Individual companies will
employ different evaluation criteria in invest-
ment and project selection on the basis of the
cost of capital, the perception of technical risk
associated with the investment or project, and
the availability of other investment opportun-
ities.

To facilitate the study analysis, a financial
structure approximating that of a major com-
pany was assumed in defining corporate in-
come taxes, state and local taxes, severance
taxes, and royalty rates. The effects of applying
the Windfall Profit Tax were not included in the
economic analyses primarily because the ma-
jority of the production estimated in this study
is produced after the legislated phaseout date
of the current law. A discussion of the impact
of the Windfall Profit Tax and its consideration
in this study is contained in Chapter Three.

Calculations of incremental ultimate
recovery and potential producing rates were
made on the basis of procedures designed to
screen the reservoirs based on economics,
assign economic reservoirs by process, and
rank and schedule the individual projects, in ac-
cordance with the best judgments of the study
participants. It should be emphasized that the
results presented in this study are estimates of
what could happen under the various stated
technical and economic assumptions, and
should not in any way be interpreted as
forecasts of what will occur.



Results

This study estimates the incremental
ultimate recovery and potential producing rates
for the major EOR methods. Projections were
made for two technology scenarios. A base
economic case was defined as one using a
nominal $30 per barrel oil price and a 10 per-
cent minimum discounted cash flow rate of
return. A number of economic sensitivities to
this base economic case, including price sen-
sitivities and rate of return sensitivities, were
also examined. More detailed study results, in-
cluding those of the various sensitivity
analyses, are presented in Chapter Four and
Appendices D, E, and F.

The distribution of ultimate recovery by
major EOR method for the Implemented
Technology Case is shown in Figure 1. These
results assume the base economic case. In-
cremental ultimate recovery is projected as 14.5
billion barrels, of which 3.5 billion barrels will
be produced through currently implemented
EOR projects. Chemical flooding is projected to
contribute 17 percent of the total, miscible
flooding 38 percent, and thermal recovery 45
percent. It should be noted that these results,
and others presented in this report that include
thermal recovery estimates, are gross results in
that they include the amount of crude oil that

would be used as fuel for steam generators. Ac-
tual net sales to market would be somewhat less
than the projected volumes.!

Figure 2 shows the estimated production
rate for this ultimate recovery potential, and the
contribution of each major EOR method to the
rate. Thermal recovery methods are projected
to contribute significantly to the total producing
rate through the rest of this decade, peaking in
the early 1990s. Miscible flooding production
will continue to increase through the rest of the
century, and peak shortly after the year 2000.
Production from chemical flooding methods
will contribute to the total rate much later in the
study period, and its producing rate is projected
to be rising as the study period ends. The com-
bined effects of these three producing rates is
the projected peak rate of over 1 million barrels
per day, sustained from the early 1990s to
beyond 2005.

'A variety of fuel sources are used for steam generation, in-
cluding produced oil and natural gas. The choice of fuel is highly
dependent upon the relative economics at the time of project im-
plementation, as well as on availability and environmental con-
siderations. In addition, many projects maintain dual-firing
capabilities in order to adjust to shifting economic conditions. Thus,
no accurate estimate can be made of the total amount of produced
oil burned in steam generators. The presentation of gross produc-
tion values in this study is consistent with industry and government
practice.
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Figure 1. Ultimate Recovery—Implemented Technology, Base Economic Case
($30 per Barrel Nominal Crude Oil Price, 10 Percent Minimum ROR).
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Advanced Technology Case results
demonstrate a sensitivity to technology ad-
vancements. They represent estimates of the
impact of specified technological advancements
on the Implemented Technology Case results.
Detailed descriptions of the Advanced
Technology Case assumptions are contained in
Chapter Three and Appendices D, E, and F.
Although it was recognized that technological
advances will occur on a continuous basis
throughout the study period, an achievable date
for advanced technology of 1995 was assumed
for most processes, to facilitate the study
analysis. Advanced technology for ongoing
steamflood projects was assumed to start in
1988, rather than 1995, due to the mature
status of current technology.

It should be noted that the results of the
Advanced Technology Case and the Im-
plemented Technology Case are not additive.
The Advanced Technology Case results include
the Implemented Technology Case results as
well as the additional recovery resulting from
technology advancements, where they apply.

Figure 3 presents a comparison of the Ad-
vanced Technology Case recovery potential
with the Implemented Technology Case
recovery potential. The sensitivity of ultimate
recovery to price and technology is
demonstrated for all processes. The Advanced

Technology Case results vary from 27 billion
barrels of ultimate recovery at $30 per barrel
to 34 billion barrels of ultimate recovery at $50
per barrel. (No price sensitivity was examined
at $20 per barrel for the Advanced Technology
Case; the $20 per barrel case was considered in-
consistent with most Advanced Technology
Case assumptions of higher costs.) As shown in
Figure 3, chemical flooding methods realize the
most significant gains in ultimate recovery
potential from advanced technology, for all
price cases.

Potential producing rates for the Advanced
Technology Case are shown in Figure 4 for all
EOR methods combined, presented at $30, $40,
and $50 per barrel. Potential peak producing
rates in the Advanced Technology Case vary
from just over 2 million barrels per day at $30
per barrel to about 2.8 million barrels per day
at $50 per barrel.

Conclusions

EOR activity has increased since 1976. The
primary stimulus for this activity was a signifi-
cantrise in real oil price. A number of decisions
to develop EOR resources through the imple-
mentation of EOR methods were made in light
of higher oil prices and the expectations of
future price growth. Although oil prices peaked



in 1981 and have since declined, commitments
have been made that will greatly affect the EOR
potential. Additionally, progress in research
and field applications over this time period has
resulted in a better understanding of the fund-
amentals of each process.

For the most part, these factors have been
considered in the analysis and are reflected in
the study results. Still, the potential for en-
hanced oil recovery is subject to a broad spec-
trum of technological, economic, and policy
considerations. Although generalizations are
difficult, the following conclusions can be
drawn from this study:

* The potential exists for significantly in-
creasing the domestic crude oil supply
through the successful application of
EOR processes to known reservoirs.
Recoverable oil reserves from currently
producing fields in the United States are
approximately 28 billion barrels of oil. Of
this amount, about 3.5 billion barrels, or
13 percent, will be produced through
currently implemented EOR projects.
This study estimates that an additional
11 billion barrels could be added to the
domestic crude oil supply from current-
ly producing fields with the successful

40

application of existing EOR technology,
for a potential ultimate recovery of 14.5
billion barrels from EOR methods. The
net addition to the domestic crude oil
supply is equivalent to approximately 40
percent of the current recoverable U.S.
reserves.

Technical uncertainties vary among
EOR processes, depending in large part
on the amount of experience derived
from field applications. The extent to
which technical uncertainties influence
EOR estimates is related to the relative
maturity of any given process. The
greatest level of confidence lies with
steam processes, which have been exten-
sively applied in the field and contribute
the majority of current EOR production.
Process research and field testing are
needed to reduce the technical uncer-
tainties that currently delay commercial
development of some processes. Con-
tinued research by both industry and
government will be required to develop
the large volume of hydrocarbons
discussed in this report.

The potential ultimate recovery from
EOR methods, and the rate at which
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Figure 3. Ultimate Recovery by Process—Advanced and Implemented
Technology Cases (10 Percent Minimum ROR).
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this oil is produced, are highly sensitive
to oil price and other economic condi-
tions. EOR methods involve high-cost
processes at varying levels of technical
maturity. Ultimate recovery and poten-
tial producing rates will be dependent
upon the ability to achieve favorable
project economics taking into account
the inherent risks associated with each
process. Of equal influence in developing
this potential is the availability and at-
tractiveness of alternative investment
opportunities. Investment in EOR proj-
ects will compete for available capital
with other activities that have the poten-
tial to increase domestic oil supplies,
such as conventional exploration and
development programs.

* Although the potential recovery from

EOR methods is significant, it will con-
tribute only a fraction of the production
required to meet the nation’s future de-
mand for liquid petroleum. EOR
methods, if technically successful and
broadly applied, may constitute an im-
portant component of the petroleum
supply picture over the next 30 years.
However, enhanced oil recovery is not by
itself the complete solution to the coun-
try’s long-term oil supply problem. All
other sources must be considered. The
extent to which all sources, including
EOR, will contribute to long-term
domestic petroleum supply will depend
in large part on market conditions and
advances in technology.
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Overview of Elements
of Oil Recovery

In the United States, 481 billion barrels of
crude oil had been discovered as of Decem-
ber 31, 1982. Total ultimate recovery with ex-
isting technology and economic conditions is
estimated to be 158 billion barrels, of which 130
billion barrels have already been produced.
Thus, the remaining proved recoverable
reserves are 28 billion barrels. About 323 billion
barrels, or two-thirds of the discovered oil, will
be left in currently known reservoirs.! Most of
this oil is not recoverable with foreseeable
technology because of unfavorable reservoir
geology, adverse fluid properties, or low oil con-
tent in the reservoir rock. However, a portion
of this oil volume is producible by EOR
methods. This report addresses the amount of
oil that may be economically recoverable by
EOR methods as well as possible rates of EOR
production.

In 1982, approximately 0.5 million barrels
per day of crude oil were produced by EOR
methods.? Total domestic producing rates in
1982 (including EOR and lease condensate)
averaged about 8.6 million barrels per day of
crude oil and 1.6 million barrels per day of

'Statistics derived from the American Petroleum Institute,
Reserves of Crude Oil. Natural Gas Liquids, and Natural Gas in
the United States and Canada as of December 31, 1979, Vol. 34,
June 1980: and from the DOE/EIA, U.S. Crude Oil, Natural Gas.
and Natural Gas Liquids Reserves, Advance Summary of 1982 An-
nual Report, August 1983.Data include the North Slope of Alaska.
Data do not include Tar Sands. as defined by the Department of
Energy.

2See Chapter Two.

natural gas liquids.® An approximately
equivalent amount of natural gas (on a BTU
basis) was also produced. Domestic oil and gas
production accounted for about 52 percent of
the nation’s energy needs, with another 17 per-
cent of the nation’s needs being filled by im-
ported oil. The remaining 31 percent was from
other energy sources such as coal, nuclear, and
hydroelectric power.

Conventional Oil Production

Crude oil accumulates over geologic time
in porous underground rock formations called
reservoirs, where it has been trapped by over-
lying and adjacent impermeable rock. Oil res-
ervoirs sometimes exist with an overlying gas
‘‘cap,” or in communication with aquifers, or
both. The oil resides together with water, and
sometimes free gas, in very small holes (pore
spaces) and fractures. The size, shape, and
degree of interconnection of the pores vary con-
siderably from place to place in an individual
reservoir. Thus, the anatomy of a reservoir is
complex, both microscopically and
macroscopically. A complete, detailed, quan-
titative description of a reservoir is never pos-
sible. The detailed data that can be obtained
from wells represent only an infinitesimal frac-
tion of the reservoir volume. Nevertheless, these
data are extremely important to understanding
the performance of the reservaoir.

Properties of crude oil and formation water
in different parts of an individual reservoir

3U.S. Energy Information Administration, 1982 Petroleum
Supply Annual.



generally vary only slightly, although there are
notable exceptions. For different reservoirs,
crude oils display a wide spectrum of properties.
Some crude oils are thinner than water, while
others are thicker than cold molasses. Crude
oils all contain dissolved gas in varying
amounts. Most crude oils are less dense than
water. The formation waters in different reser-
voirs vary widely in salinity and hardness.

Because of the various types of accumula-
tions and the existence of wide ranges of both
rock and fluid properties, reservoirs respond dif-
ferently and must be treated individually.

Primary Oil Recovery

Primary oil recovery depends upon natural
reservoir energy to drive the oil through the
complex pore network to producing wells. The
driving energy may be derived from liquid ex-
pansion and evolution of dissolved gas from the
oil as reservoir pressure is lowered during pro-
duction, expansion of free gas or a gas cap, in-
flux of natural water, gravity, or combinations
of these effects. The recovery efficiency for
primary production is generally low when
liquid expansion and solution gas evolution are
the driving mechanisms. Much higher
recoveries are associated with reservoirs hav-
ing water and gas cap drives, and with reser-
voirs where gravity effectively promotes
drainage of the oil from the rock pores. Even-
tually, the natural drive energy is dissipated.
When this occurs, energy must be added to the
reservoir to produce significant amounts of ad-
ditional oil.

Secondary Oil Recovery

Secondary oil recovery involves the in-
troduction of energy into a reservoir by inject-
ing gas or water under pressure. Separate wells
are usually used for injection and production.
The injected fluids maintain reservoir pressure,
or repressure the reservoir after primary deple-
tion, and displace a portion of the remaining
crude oil to production wells.

Waterflooding is the principal secondary
recovery method and currently accounts for a
very large part of all U.S. daily oil production.
Limited use is being made of gas injection
because of its high market value. When grav-
ity drainage is effective, pressure maintenance
by gas injection can be highly efficient.

Certain reservoir types, such as those with
very viscous crude oils and some low-
permeability carbonate (limestone, dolomite,
chert) reservoirs, respond poorly to conven-
tional secondary recovery techniques. In these
reservoirs it is desirable to initiate EOR opera-
tions as early as possible. This may mean con-
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siderably abbreviating conventional secondary
recovery operations or bypassing them
altogether.

Efficiency of Conventional
Recovery Methods

Conventional primary and secondary
recovery processes are ultimately expected to
produce about one-third of the original oil
discovered. Recoveries from individual reser-
voirs can range from less than 5 percent to as
high as 80 percent of the OOIP. This broad
range of recovery efficiency is a result of varia-
tions in the properties of the specific rock and
fluids involved from reservoir to reservoir, as
well as the kind and level of energy that drives
the oil to producing wells, where it is captured.

The Remaining Oil

The oil remaining after conventional
recovery operations is retained in the pore space
of reservoir rock at a lower concentration than
originally existed. The produced oil is replaced
by gas and/or water in the pores. In portions of
the reservoir that have been contacted or swept
by the injection fluid, the residual oil remains
as droplets (or ganglia) trapped in either in-
dividual pores or clusters of pores. It may also
remain as films partly coating the pore walls.
Entrapment of this residual oil is predominantly
due to capillary and surface forces, and to pore
geometry.

In the pores of those volumes of reservoir
rock that were not well swept by displacing
fluids, the oil continues to exist at higher con-
centrations and may exist as a continuous
phase. This macroscopic bypassing of the oil oc-
curs because of reservoir heterogeneity, the
placement of wells, and the effects of viscous,
gravity, and -capillary forces, which act
simultaneously in the reservoir. The resultant
effect depends upon conditions at individual
locations. The higher the mobility of the dis-
placing fluid relative to that of the oil (the higher
the mobility ratio), the greater the propensity
for the displacing fluid to bypass oil. Due to fluid
density differences, gravity forces cause vertical
segregation of the fluids in the reservoir so that
water tends to underrun, and gas to override,
the oil-containing rock. These mechanisms can
be controlled or utilized to only a limited extent
in primary and secondary recovery operations.

The intent of enhanced oil recovery is to in-
crease the effectiveness of oil removal from
pores of the rock (displacement efficiency) and
to increase the volume of rock contacted by in-
jected fluids (sweep efficiency). EOR processes
use thermal, chemical, or fluid phase behavior



effects to reduce or eliminate capillary forces
that trap oil within pores, to thin the oil or other-
wise improve its mobility, or to alter the mobil-
ity of the displacing fluids. In some cases, the
effects of gravity forces, which ordinarily cause
vertical segregation of fluids of differing densi-
ties, can be minimized or even used to
advantage.

The degree to which EOR methods are
applicable in the future will depend on develop-
ment of improved process technology; on im-
proved understanding of fluid chemistry, phase
behavior, and physical properties; and on the
accuracy of geology and reservoir engineering
in characterizing the physical nature of in-
dividual reservoirs.

Overview of Enhanced Oil
Recovery Methods

In this report, enhanced oil recovery is
defined as the incremental ultimate oil that can
be economically recovered from a petroleum
reservoir over oil that can be economically
recovered by conventional primary and secon-
dary methods. Since the early 1950s, a signifi-
cant amount of laboratory research and field
testing has been devoted to developing EOR
methods. Numerous methods have been in-
vestigated, including:

* Polymer-augmented waterflooding
e Surfactant flooding

e Alkaline flooding

e Miscible fluid displacement

e Immiscible CO, displacement

* CO,-augmented waterflooding

¢ Cyclic steam injection

® Steam drive

* In situ combustion.

Other processes, such as injection of immisci-
ble gases, injection of oil-releasing
microorganisms, and electrical heating of the
reservoir have been proposed. However, this
report treats only those methods that are
thought to have the greatest potential for add-
ing to domestic oil supply within the 30-year
time frame of the study (through the year 2013).

Chemical, miscible, and thermal methods
are the three categories of EOR processes
generally recognized as most promising. The
various EOR processes differ considerably in
complexity, the physical mechanisms respon-
sible for oil recovery, and the amount of ex-
perience that has been derived from field
application.

* Chemical Methods—Chemical methods

include polymer flooding, surfactant
(micellar/polymer, microemulsion)
flooding, and alkaline flooding processes.
Polymer flooding is conceptually simple
and inexpensive, and its commercial use
is increasing despite relatively small
potential incremental oil production.
Surfactant flooding is complex and re-
quires detailed laboratory testing to sup-
port field project design. As
demonstrated by recent field tests, it has
excellent potential for improving the
recovery of low-to-moderate-viscosity
oils. Surfactant flooding is expensive and
has been used in few large-scale projects.
Alkaline flooding has been used only in
those reservoirs containing specific types
of high acid number crude oils.

Miscible Methods—Miscible floods using
carbon dioxide, nitrogen, or hydrocar-
bons as miscible solvents have their
greatest potential for enhanced recovery
of low-viscosity oils. Commercial
hydrocarbon miscible floods have been
operated since the 1950s. CO, miscible
flooding on a large scale is relatively re-
cent and is expected to make the most
significant contribution to miscible
enhanced recovery in the future. At least
11 large-scale commercial CO, miscible
projects were underway in December
1988, and several additional commercial
projects will be started in West Texas in
the near future, as CO, sources in Col-
orado and New Mexico are tapped and
brought on stream. Compared to misci-
ble processes, immiscible flooding with
CO, is expected to have limited EOR
potential.

Thermal Methods—Thermal recovery
methods include cyclic steam injection,
steamflooding, and in situ combustion.
The steam processes are the most ad-
vanced of all EOR methods in terms of
field experience, and thus have the least
uncertainty in estimating performance,
provided that a good reservoir descrip-
tion is available. Steam processes are
most often applied in reservoirs contain-
ing viscous oils and tars, usually in place
of, rather than following, secondary or
primary methods. Commercial
application of steam processes has been
underway since the early 1960s. In situ
combustion has been field tested under
a wide variety of reservoir conditions,
but few projects have proved economic
and advanced to commercial scale. It will
continue to find some application in
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moderate-scale projects under condi-
tions where it is not feasible to use other
processes.

Chemical Methods

Chemical methods of enhanced oil recovery
are broadly characterized by the addition of
chemicals to water in order to generate fluid
properties or interfacial conditions that are
more favorable for oil production. In this report,
three types of chemical processes are con-
sidered: polymer flooding, surfactant
(micellar/polymer, microemulsion) flooding,
and alkaline flooding,.

Polymer Flooding

Conventional waterflooding can often be
improved by the addition of polymers to injec-
tion water (Figure 5) to improve (decrease) the
mobility ratio between the injected and in-place
fluids. The polymer solution affects the relative
flow rates of oil and water, and sweeps a larger
fraction of the reservoir than water alone, thus
contacting more of the oil and moving it to pro-
duction wells. Polymers currently in use are
produced both synthetically (polyacrylamides)
and biologically (polysaccharides).

In another type of application, polymers are
cross-linked in situ to form highly viscous fluids
that will divert the subsequently injected water
into different reservoir strata. In this use the
polymer treatment generally affects only the
region of the reservoir close to the wellbore.
Some polymer projects have utilized various
combinations of this near-wellbore cross-linking
technique and polymer flooding for improved
sweep efficiency.

Polymer flooding has its greatest utility in
heterogeneous reservoirs and those that con-
tain moderately viscous oils. Oil reservoirs with
adverse waterflood mobility ratios have poten-
tial for increased oil recovery through better
areal sweep efficiency. Heterogeneous reser-
voirs may respond favorably as a result of im-
proved vertical sweep efficiency. Because the
microscopic displacement efficiency is not af-
fected, the increase in recovery over waterflood
will likely be modest and limited to the extent
that sweep efficiency is improved, but the in-
cremental cost is also moderate. Currently,
polymer flooding is being used in a significant
number of commercial field projects. The pro-
cess may be used to recover oils of higher
viscosity than those for which a surfactant flood
might be considered.

Surfactant Flooding

Surfactant flooding (Figure 6) is a multiple-
slug process involving the addition of surface
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active chemicals to water. These chemicals
reduce the capillary forces that trap the oil in
the pores of the rock. The surfactant slug
displaces the majority of the oil from the reser-
voir volume contacted, forming a flowing
oil/water bank that is propagated ahead of the
surfactant slug. The principal factors that in-
fluence the surfactant slug design are interfacial
properties, slug mobility in relation to the
mobility of the oil/water bank, the persistence
of acceptable slug properties and slug integrity
in the reservoir, and cost.

The surfactant slug is followed by a slug of
water containing polymer in solution. The
polymer solution is injected to preserve the in-
tegrity of the more costly surfactant slug and
to improve the sweep efficiency. Both of these
goals are achieved by adjusting the polymer
solution viscosity, in relation to the viscosity of
the surfactant slug, in order to obtain a
favorable mobility ratio. The polymer solution
is then followed by injection of drive water,
which continues until the project is completed.

Because each reservoir has unique fluid
and rock properties, specific chemical systems
must be designed for each individual applica-
tion. The chemicals used, their concentrations
in the slugs, and the slug sizes will depend upon
the specific properties of the fluids and the rocks
involved, and upon economic considerations.

Surfactant flooding is receiving widespread
attention, both in the laboratory and in field
tests. With the current status of technology,
pilot tests are necessary to evaluate the effec-
tiveness of a process design for a specific reser-
voir. In several cases, successful small-scale
pilots have been followed by larger commercial-
demonstration projects.

Alkaline Flooding

Alkaline flooding (Figure 7) adds inorganic
alkaline chemicals such as sodium hydroxide,
sodium carbonate, or sodium orthosilicates to
flood water to enhance oil recovery by one or
more of the following mechanisms: interfacial
tension reduction, spontaneous emulsification,
or wettability alteration. These mechanisms
rely on the in situ formation of surfactants dur-
ing the neutralization of petroleum acids in the
crude oil by the alkaline chemicals in the
displacing fluids. Since the content of natural
petroleum acids is normally higher in lower API
gravity crude oils, this process seems to be ap-
plicable primarily to the recovery of moderately
viscous, low-API-gravity, naphthenic crude oils.

Although emulsification in alkaline
flooding processes decreases injection fluid
mobility to a certain degree, emulsification
alone may not provide adequate sweep effi-
ciency. Sometimes polymer is included as an
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ancillary mobility control chemical in an
alkaline waterflood to augment any mobility
ratio improvements due to alkaline-generated
emulsions.

Alkaline flooding has been considered to be
low cost and to have low recovery potential
relative to more sophisticated processes such as
surfactant flooding. More than 20 field tests
have been conducted, but few have been
economically successful. Most were im-
plemented as pilot projects to obtain engineer-
ing data, and in about half of these tests the
results were sufficiently encouraging to warrant
additional testing.

Miscible Methods

Among miscible methods of enhanced oil
recovery, CO, miscible flooding has the greatest
potential because of moderate cost and
miscibility characteristics that are often
favorable compared to other gases. There are
notable exceptions where hydrocarbons or
nitrogen are more favorable miscible solvents.
CO, can sometimes be used as an immiscible
drive agent.

CO. Miscible Flooding

CO, is capable of miscibly displacing many
crude oils, thus permitting recovery of most of
the oil from the reservoir rock that is contacted
(Figure 8). The CO, is not miscible with the oil
initially. However, as CO, contacts the in situ
crude oil, it extracts some of the hydrocarbon
constituents of the crude oil into the CO,, and
CO, is dissolved into the oil. Miscibility is
achieved at the displacement front when no in-
terfaces exist between the hydrocarbon-
enriched CO, mixture and the CO,-enriched in
situ oil. Thus, by a dynamic (multiple-contact)
process involving interphase mass transfer,
miscible displacement overcomes the capillary
forces that otherwise trap oil in pores of the
rock.

The reservoir operating pressure must be
kept at a level high enough to develop and
maintain a mixture of CO, and extracted
hydrocarbons that, at reservoir temperature,
will be miscible with the crude oil. Impurities
in the CO, stream, such as nitrogen or methane,
increase the pressure required for miscibility.
Dispersive mixing due to reservoir heterogen-
eity and diffusion tends to locally alter and
destroy the miscible composition, which must
then be regenerated by additional extraction of
hydrocarbons. In field applications, there may
actually be both miscible and near-miscible
displacements proceeding simultaneously in
different parts of the reservoir.
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The volume of CO, injected is specifically
chosen for each application, and usually ranges
from 20 to 40 percent of the reservoir pore
volume. In the later stages of the injection pro-
gram, CO, may be driven through the reservoir
by water or a lower cost inert gas. To achieve
higher sweep efficiency, water and CO, are
often injected in alternate cycles.

In some applications, particularly in car-
bonate (limestone, dolomite, chert) reservoirs
where it is likely to be used most frequently,
CO, may prematurely break through to pro-
ducing wells. When this occurs, remedial action
using mechanical controls in injection and pro-
duction wells may be taken to reduce CO, pro-
duction. However, substantial CO, production
is considered normal. Generally this produced
CO, is reinjected, often after processing to
recover valuable light hydrocarbons.

Other Miscible Processes

Hydrocarbon gases and condensates have
been used for over 100 commercial and pilot
miscible floods. Depending upon the composi-
tions of the injected stream and the reservoir
crude oil, the mechanism for achieving
miscibility with reservoir oil can be similar to
that obtained with CO, (dynamic or multiple-
contact miscibility), or the miscible solvent and
in situ oil may be miscible initially (first-contact
miscibility). Except in special circumstances,
these light hydrocarbons are generally too
valuable to be used commercially.

Nitrogen and flue gases have also been used
for commercial miscible floods. Minimum
miscibility pressures for these gases are usually
higher than for CO,, but in high-pressure, high-
temperature reservoirs where miscibility can be
achieved, these gases may be a cost-effective
alternative to CO,.

CO; Immiscible Flooding

For some reservoirs, miscibility between
CO, and oil cannot be achieved but CO, can still
be used to recover additional oil. CO, swells
crude oils, thus increasing the volume of pore
space occupied by the oil and reducing the
quantity of oil trapped in the pores. It also
reduces oil viscosity. Both effects improve the
mobility of the oil. CO, immiscible flooding has
been demonstrated in both pilot and commer-
cial projects, but overall it is expected to make
a relatively small contribution to enhanced oil
recovery.

Thermal Methods

Thermal EOR processes add heat to the
reservoir to reduce oil viscosity and/or to
vaporize the oil. In both instances, the oil is
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made more mobile so that it can be more effec-
tively driven to producing wells. In addition to
adding heat, these processes provide a driving
force (pressure) to move oil to producing wells.
There are two principal thermal recovery
methods: steam injection and in situ
combustion.

Steam Injection

Steam injection has been commercially ap-
plied in California since the early 1960s. It
generally occurs in two steps:

e Steam stimulation of producing wells
(Figure 9)

e Steam drive by injecting steam into
some wells to increase production from
nearby producing wells (Figure 10).

In actual practice, a mixture of steam and hot
water is injected into the formation. Normally,
high-quality steam is generated at the surface,
but the fraction of steam injected into the reser-
voir may vary from mostly steam (high quality)
to mostly water (low quality) because of heat
losses from surface lines and the injection
wellbore.

In cases where there is some natural reser-
voir energy, steam stimulation normally
precedes steam drive. In steam stimulation,
heat is applied to the reservoir by the injection
of high-quality steam into the producing well.
This cyclic process, also called **huff and puff”
or ‘‘steam soak,” uses the same well for both
injection and production. The period of steam
injection is followed by production of reduced-
viscosity oil and condensed steam (water). One
mechanism aiding production is the flashing of
hot water (originally condensed from steam in-
jected under high pressure) back to steam as
pressure is lowered when a well is put back on
production.

Depending upon the reservoir drive
mechanism, economic production rates may be
sustained for a number of stimulation cycles.
When natural reservoir drive energy is depleted
and productivity declines, most cyclic steam in-
jection projects are converted to steam drives.
At this time, selected wells are converted to con-
tinuous steam injection to displace mobilized
oil to offsetting production wells. In some proj-
ects, producing wells are periodically steam
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stimulated to maintain high production rates.
Normally, steam drive projects are developed
on relatively close well spacing toachieve ther-
mal communication between adjacent injection
and production wells. To date, steam methods
have been applied almost exclusively in
relatively thick reservoirs containing viscous
crude oils.

In Situ Combustion

In situ combustion is normally applied to
reservoirs containing low-gravity oil, but has
been tested over perhaps the widest spectrum
of conditions of any EOR process. Heat is
generated within the reservoir by injecting air
and burning part of the crude oil. This reduces
the oil viscosity and partially vaporizes the oil
in place. The oil is driven forward by a combina-
tion of steam, hot water, and gas drive. The
relatively small portion of the oil that remains
after these displacement mechanisms have
acted becomes the fuel for the in situ combus-
tion process. Production is obtained from wells
offsetting the injection locations. In some
applications, the efficiency of the total in situ
combustion operation can be improved by alter-
nating water and air injection (see Figure 11).
The injected water tends to improve the utiliza-
tion of heat by transferring heat from the rock
behind the combustion zone to the rock im-
mediately ahead of the combustion zone.

The performance of in situ combustion is
predominantly determined by four factors: the
quantity of oil that initially resides in the rock
to be burned; the quantity of air required to
burn the portion of the oil that fuels the process;
the distance to which vigorous combustion can
be sustained against heat losses; and the mobil-
ity of the air or combustion product gases. In
many otherwise viable field projects, the high
gas mobility has limited recovery through its
adverse effect on the areal or vertical sweep ef-
ficiency of the burning front. Due to the density
contrast between air and reservoir liquids, the
burning front tends to override the reservoir
liquids. To date, combustion has been most ef-
fective for the recovery of viscous oils in
moderately thick reservoirs where reservoir dip
and continuity promote effective gravity
drainage, or where operational factors permit
close well spacing.
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The 1976 enhanced oil recovery study con-
ducted by the National Petroleum Council in
the aftermath of the 1973 Arab oil embargo con-
cluded that the role of enhanced oil recovery
could only be determined in the context of an
overall energy policy for the United States.
Since that time there have been major changes
in global politics, economics, U.S. regulatory
and tax policies, and EOR technologies, which
require a reassessment of EOR potential.
Although it may be too soon to draw final con-
clusions from events since 1976, the following
perspectives have emerged or have been
reinforced:

* For any level of EOR technology, oil
prices and regulatory and tax policies
determine whether and when projects
are implemented.

* EOR projects must compete for capital
and manpower against exploration for,
and conventional development of, oil and
gas, and development of other energy
sources.

® Morethorough andlengthy research and
engineering are required for enhanced
recovery than have been necessary for
most conventional primary and secon-
dary recovery projects.

e The technical potential of enhanced
recovery continues to be improved
through better understanding of the fun-
damentals of each process, through the
development of new approaches and
materials, and through better
characterization of reservoirs, rocks, and
fluids.

The basis of these changes, in perspective,
are outlined here. The succeeding chapters and
appendices contain more detailed discussions
of economics (Chapters Three and Five and Ap-
pendix C), policy (Chapter Six and Appendix G),
and technology (this chapter and Appendices D,
E, F, and H) as they bear on the current
perspective.

The Business Climate: Politics,
Economics, and Policy

Politics and Economics

Despite significant petroleum price changes
in the last 11 years, there are still no ready alter-
natives to petroleum as an energy source. A
four-fold increase in real prices has reduced
crude oil demand and illustrated its elasticity.
Higher real prices and recent government
decontrol of oil prices have contributed to
stabilizing domestic oil production rates. To
date, exploration and development of new
resources have been favored over enhanced
recovery. Enhanced recovery has been
stimulated to some degree, and currently ac-
counts for about 6 percent of daily U.S. oil pro-
duction as compared with 4.5 percent in 1976.
The rate at which EOR projects are undertaken
in the future will depend in a complex manner
on oil prices, taxes and government policy, and
the availability of more attractive investment
alternatives. The future role of enhanced
recovery will also depend on improved
technology, which is discussed later in this
chapter.
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The Perspective in 1976

Crude oil production (including production
of lease condensate) in the United States peaked
at 9.64 million barrels per day in 1970. From
1970 to 1973, U.S. crude oil demand! continued
to grow at a compound annual rate of 4.5 per-
cent while crude oil production declined at a
rate of 1.5 percent (Figure 12). During this same
period, net crude oil imports increased 250 per-
cent, emphatically demonstrating the growing
U.S. dependence on foreign sources. During this
time, average U.S. wellhead prices were stable
at $8.50 to $9.00 per barrel (real 1983 dollars)
while world market prices were drifting slowly
up to the U.S. level (Figure 13). Between 1971
and 1974, the number of active EOR projects
declined (Table 1).

Conditions changed abruptly following the
October 1973 Arab oil embargo. Oil prices in-
creased threefold to the equivalent of $20 per
barrel in 1983 dollars.

'Refinery crude oil runs including crude oil used directly and
losses, crude oil exports, and filling of the Strategic Petroleum
Reserve (since 1977).

Growth in demand for crude oil barely
paused, however. The United States was in a
period of business expansion; the Emergency
Petroleum Allocation Act of 19732 effectively
capped average domestic wellhead prices at
$12.50 to $13.50 per barrel (1983 dollars), well
below world price; and there were no ready
alternatives to crude oil. Between 1974 and
1977, U.S. demand for crude oil increased at an
annualrate of 6.5 percent and crude oil imports
nearly doubled again as domestic production
declined at an average of 2.1 percent per year.

The mid-1970s was a period of gestation for
national energy policy and of planning for
change in energy supply and consumption pat-
terns. In 1976, EOR production was dominated
by thermal methods. The number ofactive EOR
projects was beginning to increase, stimulated
by the higher real prices, and in part
augmented by cost-sharing contracts with the
Energy Research and Development Administra-
tion. Significant attention was also given to the

2Emergency Petroleum Allocation Act of 1973, Public Law
93-159 (87 Stat. 627), November 27. 1973.

TABLE 1

ACTIVE U.S. EOR PROJECTS*

Change
1971 1974 1976 1978 1980 1982 1976-1982
Chemical Methods
Polymer 14 9 14 21 22 48 34
Surfactant 5 i/ 13 22 14 24 11
Alkaline 0 S ol 8 13 13 12
Subtotal 19 18 28 46 42 85 57
Miscible Methods ;
CO, Miscible 1 6 10 13 16 27 17
Other Miscible 21 13 14 12 i 18 4
Subtotal 20 19 24 30 28 45 21
Immiscible CO, 0 0 1 4 4 5 4
Thermal Methods
Steam 53 64 85 99 133 118 33
In Situ Combustion 38 19 Sl als] =T 21 g
Subtotal 91 83 106 RS 150 139 33
Grand Total 132 120 159 195 224 274 115

* Modified from Oil & Gas Journal, April 5, 1982. Table includes both pilot and commercial projects.
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potential for other energy technologies to
reduce petroleum dependence. Coal, oil shale,
solar power, and nuclear power all received in-
creased research and development support.
Conservation and investments in changing to
nonpetroleum fuels were encouraged by the
higher real oil prices.

Since 1978

The decline of U.S. oil production in the
early 1970s was arrested in 1977 with the start
of deliveries from Prudhoe Bay Field on the
Alaska North Slope through the Trans-Alaska
Pipeline System (TAPS).3 Production from other
new fields, improved conventional recovery,
and to a lesser extent enhanced recovery, also
contributed to the reversal of U.S. production
decline that occurred between 1976 and 1978.
Despite growth of the Gross National Product
at a 5 percent level between 1976 and early
1979, crude oil demand levelled through con-
servation efforts and slowly changing energy
consumption patterns.

During the period of relatively stable oil
prices between 1974 and 1978, a national
energy policy began to emerge.4 The Strategic
Petroleum Reserve was created to provide a buf-
fer against major import supply disruptions.
The U.S. Department of Energy (DOE) was
created to define and coordinate the emerging
national energy policy and to continue
established responsibilities of predecessor agen-
cies for national security, energy technology
capability, development technology transfer,
and fundamental research.5 Also during this
period, the petroleum industry encouraged and
participated in the national debate to decontrol
oil prices, in order that further exploration for
new oil and fuller development of known
resources would become possible. New EOR
projects were undertaken, especially at the pilot
scale.

The major world supply disruption that
followed from the Iranian revolution in 1979
brought about further changes in current
perspectives and national energy policy. In the
years following this event, average world
market prices rose significantly, peaking above
$35 per barrel in 1981. But U.S. crude oil de-
mand had become more elastic than in 1973.

3The development of Prudhoe Bay Field and TAPS are particu-
larly noteworthy examples of the complex technical, environmen-
tal, financial, and legal challenges required to bring remote
resources on stream. From discovery in 1968, it took nine years to
make first delivery, including installation of TAPS, and a further
29 months to reach peak rate of 1.5 million barrels per day.

“Energy Policy and Conservation Act, Public Law 94-123 (89
Stat. 871), December 22, 1975, Title I, Part B (89 Stat. 881).

5Department of Energy Organization Act, Public Law 95-91 (91
Stat. 565), August 4, 1977.

26

Since 1979, domestic demand for crude oil has
declined at an average rate of 5.2 percent per
year, due to further conservation and substi-
tution of other energy sources for liquid fuels.
This includes the effects of the recent recession,
and of oil price decontrol in 1981.8 In response
to higher oil prices, U.S. oil production has re-
mained level at about 8.6 million barrels per
day, and reduced demand hasreduced imports.

In 1982, enhanced recovery contributed
about 505 thousand barrels of oil per day, or
about 6 percent of domestic production, up
from 367 thousand barrels per day, or 4.5 per-
cent, in 1976 (Table 2). Most of this change has
been due to increasing thermal recovery, and
now about seven-eighths of enhanced recovery
is by thermal methods. The number of active
EOR projects rose from 159 in 1976 to 274 in
1982. The greatest relative increases in activ-
ity were in chemical and miscible flooding
(Table 1), but increases in producing rates by
these methods have not yet occurred. Signifi-
cant increases in production by CO, miscible
flooding are expected as the result of projects
that have been implemented since 1980.

Overthe last several years, the outlook for
near-term contributions from alternate energy
sources has become much less optimistic than
in 1976. Both the nuclear power and synthetic
fuels industries have been beset with problems.
Capital costs for these facilities have increased
greatly due to more stringent design and licens-
ing requirements. Currently, such facilities are
costly to build and operate, and several pro-
posed projects have been postponed or
terminated.

Recent economic forecasts through 19907
typically estimate annual growth rates of Gross
National Product between 2 and 3 percent, total
energy demand growth rates of about 1 percent,
and inflation rates of 6 to 8 percent. Real oil
prices have declined from their peak in 1981
and are expected to increase at a rate of less
than 2 percent annually in the absence of future
oil supply disruptions. In this climate there is
little incentive for large-scale development of
alternative energy sources. Domestic oil pro-
duction is expected to remain at current levels,
but by 1990 annual industry expenditures for
exploration and production are expected to
grow by 50 to 80 percent, in real terms, as these
activities move increasingly to Arctic and deep-
water areas. Clearly, it has become more expen-
sive to find and produce oil, and enhanced oil

éDecontrol of Crude Oil and Refined Petroleum Products, Ex-
ecutive Order 12287 (46 FR 9909), January 28, 1981.

7**The Energy Outlook Through 2000,” Energy Economics Divi-
sion, Chase Manhattan Bank, N.A., New York, March 1983.



TABLE 2

U.S. EOR PRODUCTION"*
(Production in Barrels per Day)

1976
Chemical Methods
Polymer 3,220
Surfactant 150
Alkaline 30
Subtotal 3,400
Miscible Methods '
CO, Miscible 36,230
Hydrocarbon Miscible 30,950
Other Gas Miscible 16,000
Subtotal 83,180
Thermal Methods
Steam 270,000%
In Situ Combustion 10,000
Subtotal 280,000
Grand Total 366,580
As a Percentage of Daily
U.S. Qil Production 4 .51

1978 1980 1982
2 580 920 2,590
450 930 1,010
X 550 810
3,030 2,400 4,410
39,640 21,480 21,050
20,430 14,510 12,620
16,000 18,830 16,990
76,070 54,820 50,660

280,000% 340,000% 440,0008
10,000 12,130 10,200
290,000 352,130 450,200
369,100 409,350 505,270
4.24 4.76 5.84

* Modified from Oil & Gas Journal, April 5, 1982, March 31, 1980, March 27, 1978, and April 5, 1976.

t0il & Gas Journal numbers adjusted for immiscible projects.

California Department of Oil and Gas Annual Reports as adjusted by the study participants.

§Survey conducted for this study.

recovery should become increasingly attractive
relative to conventional recovery in frontier
areas.

Changes in Policy

The decontrol of oil prices® is the most
significant change in government energy policy
to occur since 1976. The decontrol policy relies
on the market to set price based on supply and
demand, and has had far-reaching beneficial ef-
fects on all energy markets in the United States.
The Tertiary Incentive Program (TIP),® during
the late stages of the period of controlled oil
prices, provided an incentive for enhanced oil
recovery by exploiting the difference between
market prices and controlled prices. The Crude
Oil Windfall Profit Tax Act of 1980,'° which was

8Decontrol of Crude Oil and Refined Petroleum Products, Ex-

ecutive Order 12287 (46 FR 9909), January 28, 1981.
2Code of Federal Regulations. Title 10. Section 212.78.

10Crude Oil Windfall Profit Tax Act of 1980. Public Law 96-223
(94 Stat. 229). April 2, 1980.

implemented before decontrol and has since
become an adjunct of the decontrol policy,
represents a significant change to the policy on
the taxation of oil revenues. Due to this taxa-
tion, the U.S. petroleum industry has not
received all the revenues stemming from the
difference between market oil prices and con-
trolled prices. However, the Act does provide
preferential treatment for EOR relative to con-
ventional recovery.

Environmental policies have become more
comprehensive than in 1976. A full assessment
of how environmental policies affect enhanced
oilrecovery is contained in Appendix G, and is
summarized below. Government support of
field testing of EOR processes through cost-
sharing agreements with industry ended in the
federal 1983 fiscal year. Data from these tests
continue to be analyzed and made available.

The Tertiary Incentive Program

The Tertiary Incentive Program permitted
the limited early decontrol of oil prices for the
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purpose of off-setting certain EOR investments
and expenses. The TIP was implemented by the
U.S. Department of Energy pursuant to its
regulatory authority and became effective on
October 1, 1979. Under the program, producers
were permitted to recoup up to 75 percent of the
allowable investments and expenses incurred
in a qualified EOR project, to amaximum of $20
million. The recoupment was effected by per-
mitting the sale of crude oil at market prices,
which were substantially higher than controlled
prices. In March 1981, with crude oil price
decontrol, the program was legally terminated.

Reaction to the TIP was favorable and
widespread, with 101 operators certifying at
least one project. As shown in Table 3, there
was a reasonably even distribution of activity
between chemical and miscible projects. Both
pilot and commercial development projects

were certified under this program. The larger
number of thermal projects (177) certified
under the TIP may reflect lower economic bar-
riers to commercial development associated
with relatively mature steam process
technology, although many of these projects
also were pilot tests.

Tax Policy

Under the Windfall Profit Tax Act of 1980,
oil revenues in excess of a statutory oil price
that is representative of real prices before
decontrol are taxed at rates between 50 and 70
percent, depending upon producer classifica-
tion and oil type. Heavy oil of 16 °API gravity
or less is taxed at a 30 percent rate, and certain
qualifying stripper wells (10 barrels per day per
well or less) are exempt from the tax. The Act

TABLE 3

U.S. DEPARTMENT OF ENERGY TERTIARY INCENTIVE PROGRAM
AND COST-SHARING PROJECTS

Tertiary Incentive Cost-Share
Certifications Projects
Number of Number of Number of
Projects Operators* Projects
Chemical Methods
Polymer 41 26 3
Surfactant 37 21 8
Alkaline 39 20 2
Subtotal 117 13
Miscible Methods
Miscible (all types) 108 a7 5
Immiscible (nonhydrocarbon) 11 I -
Subtotal 119 5
Thermal Methods
Conventional Steam Drive 93 18 5
Unconventional Steam Drive 33 13 -
Cyclic Steam Injection 7 7 -
In Situ Combustion _:”:5 22 4
Subtotal 177 9
Other Methods 10 9 -
Grand Total 423 101* 27

*Numbers do not add because some operators have certified more than one process and/or project.
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gives preferred treatment to ‘‘incremental ter-
tiary oil” from ‘‘qualified tertiary recovery
projects’’ by placing this oil in the Tier 3, or 30
percent, tax classification. Even with the low-
ered tax rate, it may not be attractive for in-
dependent producers to apply EOR techniques
to marginal wells that otherwise would become
classified as stripper wells.

Newly discovered oil is currently taxed at
a 22.5 percent rate, and so, in this respect,
enhanced recovery competes for investment
capital at a disadvantage with exploration. The
Act also removes a significant source of capital
that could otherwise be used for exploration or
resource development, including enhanced oil
recovery.

Environmental Policy

Environmental conservation policies at na-
tional, state, and local levels have received par-
ticular attention in the last decade. Federal laws
that potentially affect oil recovery operations in-
clude the National Environmental Protection
Act (1969), the Clean Air Act asamended (1970,
1977), the Clean Water Actas amended (1972,
1977), the Safe Drinking Water Act (1974), the
Toxic Substances Control Act (1976), the
Resource Conservation and Recovery Act
(1976), and the Comprehensive Environmental
Response, Compensation and Liabilities Act
(1980). The petroleum industry not only com-
plies with these laws and the regulations that
implement them, but also cooperates with
regulatory agencies in conducting research to
define those factors that affect the environment
and in setting realistic standards for en-
vironmental conservation.

The costs of compliance with environmen-
tal regulations are factors that contribute to
determining the viability of particular projects.
Since 1976, standards for nitrogen oxides
(NOx), sulfur oxides (SOyx), and particulate
emissions have been tightened, particularly af-
fecting thermal recovery projects. In California,
where approximately 95 percent of the thermal
recovery oil is produced, modified combustion
techniques and flue gas scrubbers have been in-
stalled on steam generators, and casing gas
gathering systems have been installed or im-
proved in many oil fields. The industry con-
tinues to develop and invest in technologies that
improve the protection of the environment in
more cost-effective ways. Nevertheless, in some
areas such as the Los Angeles Basin, it is the
local clean-air standards that determine
whether and when additional steam-generating
capacity is installed (see Appendix F).

In other areas, where chemical or miscible
methods are most often considered, water qual-

ity or land use could be potential environmen-
tal issues. The industry has a good record for
groundwater protection during waterflood
operations, and is improving upon it. In Texas,
74 groundwater problems resulted from
operating 44,000 injection wells in the 15-year
period from 1960 to 1975, but only three prob-
lems occurred in the last decade. Similar
records exist in other oil producing states with
large numbers of waterfloods. Appropriate
materials and procedures are being used to
maintain this record for the protection of
groundwaters from contamination during EOR
operations. The availability of fresh water is in-
creasingly becoming an issue in some areas of
the country. The oil industry, as a whole, uses
less than 1 percent of the total national
freshwater consumption. The industry is work-
ing to reduce its freshwater needs further, and
is developing chemical EOR methods that are
tolerant to saline waters. Land use issues stem-
ming from the development of existing fields for
enhanced oil recovery are generally minor.
However, the industry is acutely aware of en-
vironmentally and archaeologically sensitive
regions in which any form of petroleum explora-
tion and development occur.

Funding for EOR Research

EOR research and field testing are con-
ducted primarily by the petroleum industry,
but both the government and universities have
been actively involved in basic and exploratory
research for enhanced oil recovery. Industry
supports university research through a variety
of means, including both contract research and
research endowments. DOE project funding for
EOR research between 1976 and 1983 totalled
$16 million at universities, $15 million at na-
tional laboratories, and $17 million within in-
dustry. Funding for the operation of the DOE
Energy Technology Centers, in support of
laboratory and field research programs, was
$60 million during the same period. There is a
high level of communication among industry,
university, and government specialists through
technical meetings, seminars, and advisory
groups, which serves to direct this research
toward perceived needs.

Starting in 1974, the Department of Energy
or its predecessor, the Energy Research and
Development Administration, supported field
testing of enhanced oil recovery through 27
cost-sharing agreements with industry (Table
3). About half of these projects involved
chemical processes. Many of these projects
emphasized acquisition of very expensive field
performance data through the drilling and
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equipping of observation wells, time-lapse log-
ging, or post-test coring. In several tests, pro-
cess variations were compared in side-by-side
tests. In others, commercial economics were to
be demonstrated. Several of these tests are
discussed elsewhere in this report. Cost-sharing
was ended in the federal 1983 fiscal year. Data
continue to be analyzed and made available.

Chemical Flooding Technology
Polymer Flooding

Since 1976, research has extended
knowledge of polymer solution properties, iden-
tified ways to improve the thermal, chemical,
and biological stabilities of existing polymers,
and developed new polymers in order that field
projects may be conducted under increasingly
adverse reservoir conditions. Field activity has
been stimulated recently by the relatively low
front-end costs associated with polymer
flooding and by the reduced tax rate provisions
of the Windfall Profit Tax Act.

Laboratory Research

With very few exceptions, polymers that
have been used are of two types, partially
hydrolyzed synthetic polyacrylamides and xan-
than biopolymers. Since 1976, polymer
research has improved the characterization of
these polymers and improved the knowledge of
their behavior in porous media. Research has
led to better understanding of polymer stabil-
ity, rheology, formulation, and retention in the
reservoir.

Polymer stability becomes a more impor-
tant concern as projects are implemented in
higher temperature reservoirs. Research has
revealed limits for the thermal and chemical
stability of both polyacrylamide and xanthan
biopolymers. Recent tests have shown that
microbial attack of both polymer types can be
a potentially serious problem. Awareness of the
effects of microorganisms and biocides on
polymer stability has led to joint industry fund-
ing of a program at a major research institute
to study this problem.

Mechanical degradation, which can occur
either in surface equipment or at the sand face,
and sensitivity to saline environments continue
to be important problems affecting polyacryla-
mides. No significant success has been achieved
in increasing the tolerance of polyacrylamides
to either salinity or mechanical stress, but
operational procedures have been developed to
minimize these effects. Although biopolymers
are generally insensitive to both of these factors,
they have suffered in the past from poor filtra-
tion properties. Recently, significant progress
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has been made in improving the injectivity of
xanthan biopolymers through the use of con-
centrated broths or enzyme treatment of the in-
jected biopolymer solution. Many programs are
underway to improve EOR polymers and to
develop new ones. While some of these efforts
show promise, further developments are still
needed to produce cost-effective, stable
polymers. Polymer cross-linking treatments
have become more widespread in recent years.
These treatments use gelled polymer to alter in-
jection or production profiles by plugging
watered-out zones or high-permeability streaks
near the wellbore. Considerable additional
research and testing are needed to determine
the stability and the depth of penetration of
polymer gels in a reservoir.

Field Testing

Since 1976 there has been a large increase
in the number of active polymer projects. The
total number of tests rose from 14 in 1976 to
48 in 1982. Results from the increased number
of polymer projects are not conclusive, since
many projects are still ongoing. However, the
expectation is that polymer flooding will result
in the recovery of a relatively small amount of
additional oil, usually from 1 to 5 percent of the
OOIP.

Significant improvements have been made
in field handling and mixing of polymers. Field
trials revealed the importance of maintaining
good water quality and providing adequate mix-
ing facilities to ensure proper dissolution of
polymer before injection. New equipment and
new polymer products have been introduced to
facilitate polymer hydration and to optimize the
properties of the injected solution.

Polymer Sources

Since 1976, manufacturers have expanded
their capacities to produce both polyacrylamide
and xanthan polymers. It is anticipated that
polymer supplies should not be a limiting fac-
tor in applying chemical EOR technology.

Polymers have been marketed in additional
forms since 1976. Synthetic polymers are now
available as liquid emulsions and gels as well
as powders. Biopolymer manufacturers are con-
tinuing to develop concentrated-broth polymer
products to supplement existing dilute-broth
and powder products. Polyacrylamide is being
manufactured on site in several projects, and
on-site biopolymer production is being
considered.

Surfactant Flooding

Laboratory research in surfactant flooding
has increased dramatically since 1976. This



research has contributed to a better
understanding of the process and rapid develop-
ment of chemicals and formulations suitable for
field use under a wider range of conditions. Im-
provements in technology have been
demonstrated in recent pilot and field-scale
projects.

Laboratory Research

The surfactant processis very complex and
must be tailored for each application. Both the
phase behavior and dynamic properties of the
fluid banks strongly affect oil recovery. These
factors have led to a high level of laboratory
study of the process. Since 1976, research has
produced advances in the chemistry, structure,
phase behavior, and physical properties of the
surfactant solutions injected to mobilize
residual oil. The knowledge gained in this area
has resulted in improved procedures for design
of fluid systems for field use and has broadened
the range of conditions over which the process
may be applied.

Frequently, increased knowledge of one
aspect of surfactant research has encouraged
additional research on related topics. For exam-
ple, field test results have emphasized the need
for a better understanding of the interaction of
both surfactant and polymer fluids with reser-
voir rock and fluids. Factors affecting surfactant
adsorption on reservoir rock and the interaction
of the surfactant solution with reservoir crude
oil and water have been studied in the
laboratory. The study of the phase behavior of
surfactants with reservoir crude oil and water
has facilitated the design of surfactant slugs for
field applications. Field tests have also indicated
that more reliable results are obtained when
reservoir rock and fluids are used in laboratory
process design studies. Laboratory research has
continued to extend the applicability of the pro-
cess to reservoirs with higher temperature,
salinity, crude oil viscosity, and water hardness.
Interest has continued in the use of preflushes
to condition the reservoir so that available sur-
factants can be used for reservoirs with more
extreme conditions. Progress has also been
made in the development of surfactants that
will perform satisfactorily without preflushes.

Research has continued to improve surfac-
tant manufacturing processes, including the
quality control of bulk surfactant, while reduc-
ing costs. Effort has been directed at the manu-
facture of synthetic, gas/oil, and crude oil
sulfonates. Increasing attention is also being
given to other types of synthetic surfactants as
their potential becomes demonstrated.

Field Testing

Thenumber of active surfactant projects in-
creased from 13 in 1976 to 24 in 1982. Both the

size and scope of the field projects increased,
and several of the currently active projects are
field-scale applications. The Department of
Energy provided incentives through cost-
sharing for eight projects between 1974 and
1980. Thirty-seven projects were certified for
front-end recoupment under the Tertiary Incen-
tive Program, before this program terminated
in January 1981. A number of completed proj-
ects have been identified as technical successes
because a significant amount of oil was mobi-
lized and recovered. The inherent cost of the
process, along with the costs of associated
research and data acquisition, have made most
of the projects conducted to date uneconomic.

Chemical Sources

Currently, usage of surfactants in enhanced
oil recovery is very small and there is an excess
of manufacturing capacity for preferred
materials. However, full-scale application of sur-
factant flooding will require very large increases
in this capacity, which may cause delays in im-
plementation. The necessary sources of
chemical supply are expected to become
available as the market develops.

Alkaline Flooding

In recent years there has been increased ac-
tivity in alkaline flooding both in the laboratory
and in the field. The increased understanding
gained from ongoing research, and advanced
alkaline processes that involve using polymers
and other ancillary chemicals, should increase
the effectiveness of alkaline flooding for the
recovery of high acid number crude oils.

Laboratory Research

Laboratory research has led to recognition
of significant caustic consumption by reservoir
rock and the temperature dependency of con-
sumption rates. The influence of interfacial pro-
perties such as interfacial tension, interfacial
viscosity, and coalescence on oil recovery have
been studied. The use of ancillary cosurfactants
to improve performance has been evaluated.
Finally, laboratory studies have led to the
recognition of the time-dependency of crude
oil/alkaline interfacial tension and wettability
alteration as factors in oil mobilization.

Field Testing

The number of active alkaline flood field
projects increased from one in 1976 to thirteen
in 1982. Field tests have shown that caustic
consumption can be much greater than
previously anticipated, that polymer use with
caustic can provide improved mobility control,
and that well plugging is a potential problem.
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In addition, these tests have led to the develop-
ment of improved tools and analytical tech-
niques for evaluating project performance.

Chemical Sources

The chemicals typically used in alkaline
flooding include sodium carbonate, sodium or-
thosilicate, sodium metasilicate, ammonia, and
sodium hydroxide. No supply constraints are
anticipated for any of these materials.

Miscible Flooding Technology

Carbon Dioxide Miscible Flooding

In 1976, at the time of the previous study,
only design studies and preliminary results for
CO, miscible field tests had been published,
although at least three commercial projects
were underway and numerous pilot tests were
either in progress or complete. Confidence in
the CO, miscible process was based on
laboratory data and previous experience with
multiple-contact hydrocarbon miscible
displacement.

Since 1976, field results have demonstrated
the levels of recovery and efficiency that may be
expected of CO, miscible processes for a variety
of reservoir types and conditions. Although
uncertainties remain in forecasting results for
any specific reservoir, the available field results
and the business climate have justified the
current large-scale development of naturally oc-
curring CO, sources for use in the numerous
commercial projects now being planned and
implemented. This development of CO,
resources and commercial projects is a mean-
ingful indication of the changes affecting misci-
ble flooding that have occurred since 1976.

Results from field tests have not been
uniformly good, principally because of high CO,
mobility and reservoir heterogeneity. In com-
bination, these effects can cause early CO,
breakthrough to producing wells, poor sweep
efficiency, or local loss of misciblity through
dispersive mixing or pressure effects. In addi-
tion to normal operating procedures, means
used to control the process include the rate and
quantity of CO, injection, and the injection of
water alternating with CO, gas (WAG). Main-
taining balanced injection and withdrawal is
very important in achieving high process
efficiency.

It is now generally recognized that in-
creased understanding is required of several
fundamental aspects of the CO, miscible pro-
cess to improve project design capability. The
phase behavior of the CO,/crude oil system, in-
cluding asphaltene precipitation, the wettability
characteristics of the fluid and rock system, and
the geologic structure of the reservoir and its
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heterogeneities can strongly influence process
performance. These factors are being
thoroughly studied and are being included with
increasing degrees of sophistication into reser-
voir simulators for miscible processes. Re-
cently, research has been initiated to identify
and characterize chemical additives that may
be used to reduce CO, mobility within the reser-
voir. Also, significant advances have been made
in the technology of processing produced
hydrocarbon-rich CO, gas streams.

Laboratory Research

Much laboratory research in miscible
flooding has been directed toward improved
quantitative understanding of CO,/crude oil
phase behavior. The nature of the CO, enrich-
ment process that leads to the attainment of
miscibility with reservoir crude oil has been ex-
amined over the practical temperature range for
a variety of reservoir oils, with CO, containing
various levels and types of impurities. This has
led to improved correlations of minimum
miscibility pressure (MMP) and greater con-
fidence in the use of slim tube testing for MMP
determination. The effects of impurities in the
CO; have been studied with the noteworthy
results that methane and nitrogen degrade, but
hydrogen sulfide (H,S) and liquid petroleum
gases improve, the miscibility of CO, with reser-
voir oils. This means that it may not be opera-
tionally essential to treat produced gases to
remove these heavier constituents before
recycle injection. When the composition of the
produced gas stream does not result in
significantly increased MMP, the decision to in-
stall separation facilities may be mainly an
economic one.

Studies that have examined the residual oil
left behind during the CO, enrichment process
find that this residual is composed of the higher
molecular weight compounds that were present
in the original crude oil. In some cases,
precipitation of solid asphaltic material has
been observed. This phenomenon is the subject
of increased attention in the laboratory because
certain field tests have shown that asphaltene
precipitation can reduce injectivity, improve
sweep efficiency, or cause plugging of produc-
tion wells. Laboratory studies using field cores
have reported the effects of WAG ratio, injection
rate, and rock wettability state on displacement
efficiency, CO, utilization efficiency, and
breakthrough time. Generally speaking, these
results are qualitatively similar to prior results
for multiple-contact hydrocarbon miscible
experiments.

Quite recently, research attention has

begun to focus on means to reduce CO, mobil-
ity relative to that of the reservoir fluids. Work



to date has concentrated on identification of ad-
ditives to decrease CO, mobility. At the present
time there are two approaches: the generation
of dense, viscous, foam-like dispersions of CO,
in water by adding surfactant chemicals to the
brine; and the generation of viscous CO, by ad-
ding polymers directly to the CO,. Considerable
additional research is needed in this area.

Significant research in technologies that
support CO,-produced gas processing has been
reported. The Ryan-Holmes process, which was
introduced after 1976 and is finding rapid com-
mercial acceptance, is very efficient in the
separation of CO,-rich, high H,S content gases.
Significant advances have also been made in
gas separation membrane technology. Both of
these advances can be incorporated in gas
separation plants in order to significantly
reduce operating costs.

Field Testing

Field pilot testing of the CO, miscible pro-
cess has demonstrated the ability of CO, to
mobilize and displace crude oil from previously
waterflooded reservoirs. Successful pilot tests
have been conducted in both carbonate and
sandstone reservoirs using continuous CO, in-
jection, injection of a slug of CO, that is driven
by a chase fluid, and the WAG process. Gravity-
stable CO, displacement tests have been con-
ducted in several instances. Nonproducing pilot
tests conducted since 1976 have demonstrated
some important aspects of the CO, miscible pro-
cess in heterogeneous reservoirs through the
use of time-lapse logging in observation wells,
periodic production from fluid sampling wells,
and pressure cores. Between 1976 and 1982 the
number of active CO, miscible field tests rose
from 10 to 27.

The poor performance observed in some
pilot tests can often be attributed to poor con-
finement of CO, within the project area and/or
interval. The combined effects of high CO,
mobility and reservoir heterogeneity thus have
contributed most to the technical uncertainty
of recent project designs, but other operating
problems have also been observed.

Even with this technical uncertainty, suf-
ficient potential exists to justify the develop-
ment of naturally occurring CO, sources on a
large scale. Over the last several years,
numerous field-wide or unit-wide CO, miscible
projects have been announced and im-
plemented, especially in West Texas and East
New Mexico. As of December 1983, there were
eleven active full-scale CO, floods in this area,
of which eight had been started since 1980.
Other commercial projects with 1984 and 1985
starting dates have been announced. More proj-
ects may be expected. It will be several years,
however, before large increases in production
from these projects will occur.

CO2 Sources

There are at least 40 trillion cubic feet (Tcf)
of expected CO, reserves in the five large reser-
voirs indicated in Table 4. The technology for
producing these reserves appears to be well in
hand, even in the mountainous terrain of
McElmo Dome or Sheep Mountain. Several of
these reservoirs are now being developed to
supply CO, to the prolific oil producing areas of
West Texas and East New Mexico. A 500
million cubic feet (MMcf) per day capacity
pipeline from Sheep Mountain and Bravo Dome
isalready supplying CO, to West Texas. A sec-
ond 400 MMcf per day capacity pipeline direct
from Bravo Dome is being planned. The Cortez

TABLE 4

MAJOR CARBON DIOXIDE RESERVOIRS

Expected Reserves

Reservoir Location (Tch
LaBarge-Big Piney Southwestern Wyoming 20 - 25

McElmo Dome-

Doe Canyon Southwestern Colorado 10 - 12
Sheep Mountain Southern Colorado 1= 2ilh
Bravo Dome Northeastern New Mexico 6 -8
Jackson Dome South-central Mississippi 3

Total 40 - 46.5
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pipeline from the McElmo Dome area to West
Texas has an initial capacity of 650 MMcf per
day, and can be expanded to at least 1 billion
cubic feet per day by the addition of more pump
capacity. Further development of naturally oc-
curring CO, resources is expected.

There are also a number of other potential
CO, sources. Early West Texas commercial CO,
miscible projects at SACROC Unit, North Cross
Unit, and Twofreds Field used CO, byproduct
from gasprocessing plants in the Val Verde and
Delaware Basins of West Texas. CO, may also
be obtained from ammonia plants or from
power plant stack gases. These alternative
sources have undergone relatively minor
development since 1976.

Other Miscible Flooding Processes

Other miscible flooding processes include
the injection of hydrocarbons, nitrogen, or flue
gases at miscible conditions. Because of the
high sales value of light hydrocarbons,
hydrocarbon miscible floods will be initiated
only under special economic circumstances.
Even so, several major hydrocarbon miscible
floods have been started recently. A number of
Miocene sandstone intervals are being flooded
at South Pass Block 61 Field, offshore Loui-
siana. A project was also initiated recently in
the Sadlerochit reservoir at Prudhoe Bay Field,
Alaska. This test encompasses eleven 320-acre
patterns, which had about 440 million barrels
of OOIP. In both cases, enriched hydrocarbon
gas is being injected.

In other reservoirs, nitrogen can be used as
a miscible solvent. These reservoirs are usually
rather deep because nitrogen MMPs are quite
high. However, nitrogen and CO, MMPs may be
comparable at the high temperatures en-
countered, and nitrogen (or flue gas) can be
more cost-effective than CO,. This was the case
for selecting nitrogen for the commercial misci-
ble project at Jay Field, Florida. Although the
potential of nitrogen miscible flooding may
have improved since 1976, this process is ex-
pected to make only minor contributions
relative to other miscible methods.

Immiscible CO: Flooding

A number of CO, immiscible field projects
conducted since 1976 have indicated potential
for CO, immiscible flooding of moderate-
viscosity or high-viscosity crude oils that occur
in moderately deep reservoirs. Although CO,
immiscible flooding can be used successfully in
selected reservoirs, this process is still expected
to make only minor contributions to enhanced
oil recovery.
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Thermal Recovery Technology

Since 1976 there has been steady growth
in oil production by steam methods. Steam
drive production has increased relative to pro-
duction by steam stimulation. This shift toward
steam drive reflects further maturing of steam
projects because it is still common practice to
install steam stimulation projects before in-
itiating steam drive. Production by in situ com-
bustion has remained unchanged. Although
there have been no major breakthroughs in
thermal recovery technology since 1976, poten-
tial for improving the recovery, process effi-
ciency, and range of applicability of thermal
methods has been demonstrated by numerous
pilot tests of advanced thermal techniques and
improved equipment. Some of these
technologies are now beginning to see wide
commercial application.

Steam Process Technology

Efforts to improve the reservoir confor-
mance of steam injection have perhaps been the
most significant development since 1976. Sur-
factant foams or other chemicals that form
foams in situ are injected with the steam. In the
reservoir, the foams divert steam to poorly
swept areas and improve recovery. The
development of foams and foaming agents has
progressed from successful laboratory
experiments to field testing. Field tests of this
process modification are expanding, and
depending upon economics may be used in full-
scale projects in the near future.

Waterflooding after steam drive can im-
prove thermal efficiency by scavenging heat
and producing additional oil. Steam drive costs
can be lowered by reducing the quantity of
steam injected and the quantity of fuel burned.
One successful post-steam waterflood has been
reported since 1976 in which water injection
maintained oil production rates at the same
levels as before steam injection ceased. This
technique is expected to see more widespread
future application as ongoing steam projects
mature further.

Another method to improve steam drive ef-
fectiveness is to inject noncondensible gases
with the steam. Steam and gas mixtures are the
result of downhole steam generation, but can
also be produced by other means. The presence
of CO, in a steam drive promotes the distillation
of oil and lowers oil viscosity. Numerical simula-
tion studies have shown that the addition of CO,
to steam may accelerate and ultimately in-
crease oil production for some reservoir condi-
tions. The process has been used in several field
tests, but no major projects have been im-
plemented to date.



The technique of hydraulically fracturing
the reservoir before or during steam injection
is being used more often in the field. Hydraulic
fracturing is used where steam could not other-
wise be injected at high rates. The process is
most useful for producing tar sands or thin
heavy oil reservoirs. Field tests have demon-
strated that the technique is technically feasi-
ble and can produce oil at significant rates. The
economics of the process must still be proven,
however.

The industry has also been testing steam
drive in light-oil reservoirs. Laboratory studies
have shown that steam is very effective in
distilling light oils and that distillation would
be a major recovery mechanism in light-oil
steamflooding. Field tests have resulted in ex-
tremely low residual oil saturations in the
steam-swept zone. Economic results from cur-
rent pilot operations have not been reported,
but the process is considered to have good
potential in some reservoirs that have signifi-
cant remaining oil saturations.

Steam Generation Technology

Steam injection equipment has shown
several major improvements since 1976.
Design improvements and reduced cost of insu-
lated tubulars are allowing steam injection
operations to be applied to deeper reservoirs.
Steam injection operations have been suc-
cessful at depths below 3,000 feet. Insulated
tubing tests have also demonstrated the need
for better thermal packers, which are now be-
ing developed with high-temperature
elastomeric seals and with metal-to-metal seals.

Downhole steam generation is a major in-
novation that may improve the depth capability
of steam processes. Heat losses from the injec-
tion wellbore are avoided by generating steam
downhole at, or just above, the productive for-
mation. Fuel and air, to generate heat, and
water, to form steam, are supplied to the
generator equipment down the injection well.
Direct downhole steam generators inject the
combustion product gases along with the
steam. Indirect-fired generators return the prod-
uct gases to the surface for cleanup before vent-
ing to the atmosphere. Several field trials of
both types of downhole steam generators have
proven the feasibility of operating the equip-
ment. Future modifications and improvements,
especially in corrosion resistance, will un-
doubtedly be required to permit prolonged use
of these tools. Downhole steam generators may
result in steam stimulation and steam drive in
reservoirs as deep as 5,000 feet.

Fluidized bed combustion has shown pro-
mise to produce steam from cheap solid fuels

such as coal or coke without significant air
pollution problems. Use of solid fuels will also
release to the market the more valuable liquid
and gaseous fuels that are now used for steam
generation. One very successful test in Texas
has generated widespread interest in fluidized
bed combustion. Future application of this
technology may be limited by transportation
costs for solid fuels.

Cogeneration is rapidly developing as a
major economic improvement to steam proj-
ects. Cogeneration is the simultaneous genera-
tion of electricity and steam for thermal
recovery. Cogeneration can produce electricity
economically for use in oilfield operations or for
sale to utility companies. Several cogeneration
plants are already in operation in California. If
state and federal policies continue to favor these
projects, cogeneration should come into
widespread use during the late 1980s.

In Situ Combustion

The use of oxygen-enriched air for in situ
combustion is the major advance since 1976.
Less nitrogen must be injected and produced
from the reservoir when enriched air is used.
This has many potential advantages, including
reduced producing well sanding problems and
faster production response. High CO, concen-
trations in the burned gas may improve oil
mobilization. There is potential for use in light-
oilreservoirs. Field tests conducted todate have
demonstrated the feasibility of enriched air
injection, but have not convincingly
demonstrated significant reservoir benefits or
improved economics.

Supporting Technologies for
Enhanced Oil Recovery

A host of technologies must be brought to
bear to successfully develop any petroleum
reservoir, whether for primary, secondary, or
enhanced recovery. In this section, a brief over-
view is given of some of these supporting
technologies and recent developments that af-
fect enhanced oil recovery.

The importance of improved reservoir
description, computer simulation, and well
completion techniques and materials has been
recognized for improving reservoir manage-
ment during conventional primary and second-
ary recovery operations. However, these
technologies are especially necessary and
valuable in planning and operating EOR proj-
ects. For EOR, economic success is often heav-
ily dependent upon the accurate assessment of
the fluid and formation properties, reservoir
heterogeneity, and fluid distributions after con-
ventional recovery. This information must also
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be integrated into reservoir simulation models
in order to study operating strategies and pro-
vide projections of production for economic
analysis. During operation, success depends
upon attention to detail in all aspects of field
operations, but particularly in the proper com-
pletion and maintenance of wells.

Reservoir Description

The reason that oil remains after primary
and secondary production can be more easily
understood by examining the nature and struc-
ture of reservoir rock. To illustrate, the scan-
ning electron micrographs of Figures 14a and
14b show the fine porous network present in
sandstones and carbonates, the two primary
sedimentary rock types.!! Fluids flow through
these rocks but the flow paths are tortuous and
the displacement process is often inefficient.
The ease with which a single fluid will flow
through the rock is measured by the
permeability. The relative permeability to each
fluid phase (oil, water, gas) will vary depending
upon the quantity of each phase present and
upon the types of interactions between the
fluids and the rock (wettability and pore struc-
ture). It is not unusual for more than 80 percent
of the original oil to remain in place after
primary production, or for more than 50 per-
cent of the OOIP to remain after a secondary
waterflood. This remaining oil is a sizable
resource, which is the target for enhanced oil
recovery.

Planning an EOR project for a particular
reservoir requires detailed information on the
quantity of oil remaining, how it is distributed
in the reservoir, and the specific factors, both
microscopic and macroscopic, that control its
flow. This information is obtained by a variety
of means including well testing, coring and core
analysis, tracer tests, well logging, and geologi-
cal modeling. None of these methods stands
alone. The best evaluation of the technical and
economic feasibility of a particular EOR pros-
pect is obtained by combining reservoir data
from as many sources as possible. In recent
years, significant advances in the technologies
of quantitative reservoir description have im-
proved the industry’s ability to assess EOR
prospects. These same technologies are also
needed to monitor the progress of an EOR
project.

UTypically, the pore space is 15 to 35 percent of the bulk rock
volume in sandstones, and 3 to 20 percent of bulk volume in
carbonates. ’
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Pressure Transient Testing

Pressure transient testing is used to study
macroscopic reservoir behavior. Pressure tran-
sient testing involves perturbing the flow rate
of a well and observing pressure responses at
the perturbed well or adjacent wells. Analysis
of test data can yield information about the flow
efficiency of the well, effective permeabilities,
average pressure of the reservoir within the
drainage volume of the well being tested, and
the degree of communication between wells.

In recent years the introduction of high-
precision pressure sensors, advances in com-
puters and computer modeling, and new con-
cepts in applied mathematics have increased
the ability to obtain and analyze data from
pressure transient tests. These advances have
allowed pressure transient testing to be applied
successfully in increasingly complex reservoirs.
Pulse testing and interference testing made
feasible by high-precision pressure gauges
reveal information on reservoir continuity, flow
conductivity, and directional permeability.
Type-curves have been developed for analyzing
well tests complicated by nonradial flow, frac-
turing, layering, afterflow, and altered near-
wellbore properties.

Progress hasalsobeen made in developing
analysis techniques to determine flood-front
position for certain types of displacement pro-
cesses for which there is high contrast between
the mobilities of driving and in-place fluids. Bet-
ter interpretation techniques have also in-
creased the ability to obtain information on
reservoir boundaries and heterogeneities.
Future improvements in pressure transient
measurements and data analysis should con-
tinue to provide better reservoir definition and
characterization for enhanced oil recovery.

Coring and Core Analysis

Coring and core analysis can provide ac-
curate and detailed information concerning the
vertical distribution of porosities, permeabili-
ties, and oil saturations. Such information is
especially important in planning an EOR proj-
ect. Core analysis results also are used to
calibrate well log data.

Pressure coring technology was introduced
years ago to avoid formation fluid loss caused
by gas expansion and blowdown. This
technology has continued to evolve in recent
years. ‘‘Sponge’ coring, an alternative to
pressure coring, was introduced recently. This
technique employs a core barrel lined with a
porous, permeable medium (a sponge) that



Figure 14a. Electron Micrograph Showing Reservoir Rock Pore
Structure—South Louisiana Sandstone.

Figure 14b. Electron Micrograph Showing Reservoir Rock Pore
Structure—Permian Basin Carbonate.

SCALE: 1” = 0.2 millimeters

Photographs courtesy of Shell Development Company.
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traps the oil that would otherwise be lost.
Although it is too early to evaluate this tech-
nique definitively, sponge coring technology ap-
pears to be quite promising.

Core analysis techniques, both routine and
specialized, have become increasingly reliable
and accurate. Recent advances in laboratory
techniques such as high-speed centrifuge
techniques, nuclear magnetic resonance,
transmission and scanning electron
microscopy, and computer-assisted data ac-
quisition have provided powerful new tools for
studying the complex behavior of reservoir
rocks and fluids. Factors that are receiving
renewed attention for enhanced oil recovery
include:

¢ Pore network geometry, clay content and
type, rock minerology, crude oil com-
position, and water salinity and ion con-
tent asthey affect chemical EOR flooding

¢ Crude oil composition, phase behavior,
and wettability alteration effects impor-
tant to miscible flooding

e The hysteresis and temperature
dependence of relative permeabilities
that affect thermal recovery.

Tracer Methods

Single-well tracer techniques have been
developed specifically for determining residual
oil saturations. In the standard process, a dilute
solution of a primary tracer (often an ester such
as ethyl acetate) in brine is injected into the in-
terval of interest. A followup slug of brine
displaces the tracer into the formation a
specified distance. During the subsequent shut-
in period, a portion of the primary tracer reacts
to form a secondary tracer. On production, the
primary tracer moves more slowly than the
secondary tracer because of its greater affinity
for oil. From measurements of tracer produc-
tion and knowledge of distribution coefficients
and reaction rates, the residual oil saturation
can be calculated.

An advantage of the single-well tracer
technique is that it samples a much larger

volume of the reservoir than logs or cores..

However, injection tends to move any remain-
ing mobile oil. Thus, this technique is most
useful when the produced fluids have less than
2 percent oil-cut; the tracer test then provides
an estimate of remaining oil saturation. This
technique was developed in the late 1960s and
has been used extensively since then. Recent
advances include the development of a
theoretical basis for optimizing test design as
well as new results on the effects of fluid drift,
flow irreversibility, mobile oil, and reservoir
heterogeneity.
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Another tracer technique involves injecting
nonreactive chemical or radioactive tracers into
injection wells and monitoring the presence of
these tracers as they are produced from sur-
rounding wells. Tracing the interwell flow of
injected water in this manner can provide in-
formation about high-permeability stringers,
fractures, flow barriers, or other heterogeneities
that can affect sweep efficiency.

Well Logging

Logging tools measure electrical, acoustic,
or atomic properties of reservoir rocks and/or
fluids. Formation porosity and oil saturation
can be estimated indirectly from these
measurements. EOR operations demand ac-
curate results from well logs. This requirement
for accuracy increases the importance of cali-
brating log data against core analysis data or
other independent measurements. Well logging
plays an important and growing role in deter-
mining remaining oil saturations and in project
monitoring to determine saturation changes
over time and to estimate sweep efficiencies.
Several examples of these applications are cited
in Appendix H. Lower logging costs would pro-
mote more widespread use of these techniques.

One of the most significant innovations in
logging and log analysis in recent years has
been the adaptation of minicomputers to
wireline logging, making it possible not only to
acquire and display logging data, but also to
store and retrieve large amounts of log data in
a form well suited to the analysis of
sophisticated EOR projects.

Nuclear magnetism and pulsed neutron
capture logging tools have been improved con-
tinuously. The determination of residual oil
saturations using these tools requires fluid in-
jection procedures (inject-log or log-inject-log),
which complicate field testing and interpreta-
tion. Research is in progress toimprove induced
gammaray spectroscopy logging by decreasing
the required logging time through im-
provements to source and detector efficiencies,
and by improved analysis techniques. Dielec-
tric constant logging is a relatively new tech-
nique, which is currently an area of intense
research activity attempting to optimize tool
design.

Reservoir Simulation

Computer simulation is used during all
stages of an EOR project. In research studies,
simulation improves understanding of the par-
ticular process mechanism. Simulation is
indispensable for pilot test planning and inter-
pretation. Its most important use is in the
design, implementation, and optimization of
full field-scale projects.



Since 1976, vector processors that provide
increased computational speeds and improved
cost:speed ratios have become generally
available. Vectorized codes have been
developed to model chemical, miscible, and
thermal processes. Prior to these innovations,
computer modeling of complex EOR problems
was often limited to computations involving
simplifying assumptions and/or relatively few
grid blocks. Now, more complete problem des-
criptions can be included, and larger,
multidimensional problems can be solved with
relative ease. Other advances have been made
in the use of equations-of-state for improved
compositional simulations and in numerical
solution techniques. Future developments in
these areas, and further computer technology
advances, should result in additional
improvements in computation time, solution
accuracy and resolution, and the ability to han-
dle even more complex problems. Interactive
color graphics are beginning to increase the
speed with which simulation results can be
analyzed and interpreted by the engineer, as
well as improve the clarity with which results
are presented.

Well Completion Techniques and
Materials

In enhanced oil recovery, preventing injec-
tion into unproductive strata or ‘‘thief zones”
is especially important because of the cost of the
injectants. Selective well completion (or
recompletion) and the prevention of unwanted
vertical flow near the wellbore are two aspects
of subsurface engineering that have assumed
increased importance for enhanced oil recovery.
The design of well completions will make use
of previous production history, well test and
pressure transient data, and calibrated well
logs. In complex reservoirs, the design of well
completions requires the integration of geologic
models and reservoir simulations into a project
development plan that includes a comprehen-
sive well completion strategy. The implemen-
tation of this strategy can make use of a number
of improved completion techniques and
materials.

Several developments are gaining in-
creased acceptance in efforts to improve the
quality of casing cement to help improve zone
isolation. Among these are the use of improved
cement additives and the use of cementing
heads that rotate and reciprocate the casing
during cementing. Also, external casing
packers have been developed in an effort to en-
sure an improved seal between the casing and
the formation.

Materials research has been devoted to
improving the performance and preserving the
integrity of cements, tubular steels, and produc-
tion equipment. The development of noncon-
ductive and partially conductive cements for
use with resistivity/conductivity logging
devices in EOR flood monitoring has been an
area of active research. Fiberglass casing has
been successfully used in a number of instances
to complete monitor wells. Corrosion of
cements and steels by CO, has been of par-
ticular interest. Downhole submersible pumps
have been improved and are finding increased
use in EOR projects. There have been
numerous advances in completion equipment
for thermal wells including improved tubing in-

sulation and thermal packers.

There have been several recent
developments in the areas of formation fractur-
ing and induced fracture delineation.
Knowledge of fracture orientation can be crucial
in optimizing design and performance of an
EOR project. New techniques for determining
fracture orientation include the use of tiltmeter
surveys, triaxial borehole seismic surveys, the
pulse-echo ultrasonic borehole televiewer, core
differential-strain analysis, and borehole
geometry measurements that yield information
on earth stresses.

Reservoir Monitoring Systems

Injection and Production Well
Logging

Knowledge of injected fluid entry profiles is
necessary to achieve good reservoir
conformance—a factor critical to the success of
most EOR projects, especially when large
volumes of expensive chemicals are used. In the
case of near-wellbore polymer treatments,
reliable profiles can indicate treatment success
or failure. Injection well logging techniques are
available for measurement of entry profiles
using viscous as well as nonviscous liquids and
gases under certain conditions. Logging of pro-
duction wells carries the same importance in
EOR projects as in conventional primary and
secondary recovery.

Appropriate injection and production well
logging techniques are dictated by fluid rates
and properties and, to some extent, by comple-
tion practices. Radioactive tracer methods have
recently been developed for polymers and sur-
factants that overcome problems encountered
when using conventional equipment with
viscous fluids. Technology for extension of
tracer techniques to injected gases is not well
developed, but strides are being made in this
area and spinner flowmeters can be used with

39



success in high-rate wells. Zones of fluid entry
in producing wells are delineated using conven-
tional equipment: spinner flowmeters, density
tools, temperature survey devices, and in-
struments to differentiate between fluids on the
basis of electrical properties.

Observation Well Logging

The logging of strategically located obser-
vation wells in an EOR project can produce
time-lapse records of fluid saturation changes.
Monitoring the movement of formation fluids
with observation well logs can provide impor-
tant information for evaluating a flood in-
cluding: changes in pre-flood and postflood oil
saturations; arrival time of different fluid banks;
size of oil bank; and estimates of vertical sweep
efficiency.

The choice of a monitoring log is controlled
to some extent by the rock matrix and the fluids
in the reservoir or being injected into the reser-
voir. In order to prevent crossflow at the
wellbore, the logging tool must be able to
measure formation properties behind the cas-
ing. Both carbon-oxygen and induction logging
techniques have been utilized for this purpose.
High-resistivity fiberglass casing is commonly
used across the zone of interest to accom-
modate the induction logging technique.

Observation well logging has been used to
monitor fluid movement in surfactant flooding,
polymer flooding, and CO, flooding. The induc-
tion logging technique detects changes in the
electrical resistivity of fluidsin the reservoir. It
has been used to size the chemical slug by
monitoring movement of fluid to determine
swept volume. The conformance of drive fluids
can then be monitored if a contrast in resistivity
of fluid exists.

Produced Fluid Analyses

An analysis of produced fluids can provide
the following information that can be used in
evaluating an EOR project.

e (il production response above that ob-
tained from conventional primary and
secondary methods. Oil-cut data provide
this information.
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¢ An indication of mobility control based
on the arrival time of different fluid
banks. In a chemical EOR flood, for ex-
ample, sulfonate analysis would indicate
breakthrough of the surfactant fluid
bank. Oil-cut data indicates production
of an oil bank ahead of surfactant-
polymer fluid banks. When fresh water
is used for the polymer solution, an
analysis for chlorides indirectly indicates
breakthrough of a polymer bank.

* An analysis for chemical or radioactive
tracers that have been injected ahead of
or during surfactant-polymer fluid injec-
tion provides an indication of volumetric
sweepout efficiency and direction of fluid
movement in the reservoir.

* An analysis for inorganic constituents in
oilfield waters can be used to evaluate
problems related to water quality con-
trol, corrosion, and pollution.

Interference effects between crude oil com-
ponents and the various constituents being
analyzed is a major problem in produced fluid
analyses. Some of the new analytical tech-
niques that have been developed since 1976
tend to minimize those interference effects.

A new technique called ion chromato-
graphy has been developed that employs
classical ion exchange principles to separate a
host of inorganic constituents and organic
acids. Typical chromatograms can separate
eight ions in the same sample with detection
sensitivities of a few parts per million (ppm).
Modern high-performance liquid chromato-
graphy can be used to analyze for petroleum
sulfonates. This method characterizes sulfo-
natesin terms of equivalent weight distribution.
Turbidimetric methods are used to analyze for
polymers that are present in high concentra-
tions in clean samples. Research is being car-
ried out on techniques to analyze for polymers
that are present in low concentrations in pro-
duced fluid samples. Procedures are being
perfected to analyze for sulfonate and polymer
that are present in the same produced fluid
sample.



Chapteryhree

AnalysisiConsiderationsiandpBroceduses

This chapter reviews the analysis con-
siderations and procedures used in this study.
It specifically concentrates on the technical and
economic factors that influence the final results
presented in Chapter Four. The technical and
economic considerations are closely inter-
related. Determination of the EOR potential is
dependent both on the technical viability of
specific EOR processes in specific reservoirs,
and on the number of such reservoirs where ap-
plication would provide an operator with suffi-
cient economic incentive (i.e., profit) to compete
favorably with other business investment op-
portunities and offset any disproportionate
risks.

To conduct the study, the Council
established an organizational structure con-
sisting of a Committee on Enhanced Oil
Recovery, a Coordinating Subcommittee, and
four task groups. Three of the task groups—the
Chemical Task Group, the Miscible Displace-
ment Task Group, and the Thermal Task
Group—were assigned to study the potential for
the three major EOR methods. A Costs and
Economics Task Group was responsible for
defining the economic parameters and sen-
sitivities to be applied in the analysis, and for
developing the methodology to be used in pro-
jecting EOR production schedules. To maintain
coordination among these groups, certain
members from each of the process task groups
served on the Costs and Economics Task
Group, and the process task group chairmen
served as members of the Coordinating
Subcommittee.

General Overview

The 1976 NPC study of EOR potential
evaluated a small group of reservoirs and ex-
trapolated these results to obtain nationwide
estimates. Recognizing the potential inac-
curacies of this procedure, this study is based
on a more comprehensive reservoir data base
that properly represents the future target for the
thermal, miscible, and chemical EOR pro-
cesses. Data were obtained on more than 2,500
reservoirs containing about 325 billion barrels
of OOIP. This represents over two-thirds of the
oil discovered in the United States, and
represents essentially all of the larger reservoirs
that are candidates for the application of EOR
processes. No extrapolation of results was
attempted.

Screening criteria were developed for each
process and were applied to the data base to
identify those reservoirs to which each process
might be technically applied. At this point in
the analysis, it was possible for a reservoir to
be a prospective candidate for more than one
of the six EOR processes being considered.

Process predictive models were then used
to estimate injection and production scenarios
for each reservoir and recovery process. Results
of the predictive models were passed to process-
specific economic models, where the individual
pattern results were combined on a field-wide
basis in accord with specified pattern develop-
ment schedules. The economic calculations
took into account expenditures for surface
facilities, injectants, and well equipment,
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together with the appropriate process-
dependent and process-independent invest-
ment and operating costs. Economic calcula-
tions were repeated for nominal crude oil prices
of $20, $30, $40, and $50 per barrel. Costs were
adjusted for changes in nominal crude oil price.
The annual and cumulative revenues, costs,
taxes, royalties, and cash flows were calculated
using accepted economic evaluation pro-
cedures. Rate of return calculations and related
economic analyses were also made.

Predictive and economic calculations were
made for two technology scenarios, the Im-
plemented and Advanced Technology Cases.
The Implemented Technology Case represents
current state-of-the-art technology. The Ad-
vanced Technology Case incorporates potential
technological improvements. These are
discussed more fully below. The predictive and
economic calculations resulted in a series of
data files containing an inventory of possible
EOR projects for each process at each nominal
crude oil price and each technology level. The
determination of projects to actually be im-
plemented, and their respective start dates, was
handled through a compositing procedure con-
sisting of two steps: assignment of a single EOR
process to each reservoir, and timing the start
of each project.

The first step in the assignment was to
specify the oil price and technology level. Each
project was then required to provide some
minimum economic return: the project had to
exceed a specified minimum discounted cash
flow rate of return (minimum ROR). Any proj-
ect whose rate of return was less than this
minimum ROR was deleted from further con-
sideration at that specified oil price and
technology level.

It was still possible at this stage for a reser-
voir to be included in the data files for more
than one process. This situation was resolved
by assigning the reservoir to the process that
recovered the most oil. This had the effect of
maximizing the predicted EOR potential.

The initial step in the timing process was
to rank projects in decreasing order of Invest-
ment Efficiency. Project implementation began
in 1984, with those having the highest Invest-
ment Efficiency being implemented first.
Various factors, some process-dependent and
some not, prevented all projects from beginning
in the same year. The factors considered in tim-
ing of projects included:

e Amount of surfactant required

e Amount of carbon dioxide required
¢ Geographic location

¢ Industry confidence in process.
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Not all factors apply to every process. Capital
was assumed to be available when needed to
implement projects meeting the minimum ROR
criterion.

The results of the timing step included the
composited annual oil production, investments,
operating costs, taxes, and royalties, both for
each EOR process and for all processes com-
bined. The assignment and timing steps were
each aided by the use of computer programs.
However, at all stages, the engineering judg-
ment of the study participants was used to
validate and evaluate the results. This analysis
and review was the most important phase of the
study. Figure 15 outlines the various pro-
cedures described above.

Technology Cases

In an attempt to properly bracket the future
potential for enhanced oil recovery, two sets of
assumptions were made regarding the level of
technology that would be available. These two
scenarios are referred to as the Implemented
Technology Case and Advanced Technology
Case.

Implemented Technology Case

The Implemented Technology Case refers
to the technology that is presently in existence,
at least in the proven field test stage. This
means somewhat different things for the three
major EOR methods. For thermal recovery
methods, it implies technology that has been
used in full-scale commercial applications and
is economically attractive; for miscible pro-
cesses, it reflects implementation of field-scale
commercial projects; among the chemical EOR
processes, the same is true for polymer flooding.
For surfactant and alkaline flooding, however,
the Implemented Technology Case refers to
reservoir characteristics and process efficien-
cies that apply to pilot tests. Few large-scale
commercial applications have been im-
plemented for these processes.

Advanced Technology Case

The Advanced Technology Case is based on
technology that might conceivably be
developed within the 30-year time frame of this
study. To a large extent this is a “‘what if”’ case
in that it assumes that most of the problems
and limitations responsible for inefficiencies in
the Implemented Technology Case described
above are overcome. The objective in looking
atan Advanced Technology Case is to estimate
the potential increased recovery that might
result from technological developments.
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Figure 15. Simplified Schematic of Principal Study Procedures.

The types of improvements considered are
based on technology that has been
demonstrated in the laboratory or that is being
field tested. Consequently, the magnitude of the
potential technology improvements can be
handled quantitatively. However, it is difficult
to predict if and when they will be applicable
on a commercial basis.

To make the Advanced Technology Case
projections as reasonable as possible, an effort
was made to estimate the time period required
to develop and test the new technologies for
each process. This was done by assuming an
effective date at which advanced technology
would be available for general application
(EDAT). Projects starting prior to the EDAT
were evaluated under the Implemented
Technology Case assumptions, whereas those
commencing after the EDAT were evaluated
under the Advanced Technology Case
guidelines. For most processes, the EDAT was
presumed to be 1995. This allows time for
laboratory work and field testing. An exception
was made for ongoing steam drive projects,
where the EDAT was assumed to be 1988.
These projects represent an earlier opportuni-
ty for application of advanced technology.

Advanced technology for most EOR pro-
cesses involves contacting more of the target oil

in place. Use of chemical agents or additives
that improve injection profiles near the wells
and mobility control in the reservoir are typical
concepts. Advanced technology also includes
the ability to apply a process to reservoirs
previously screened out by physical
parameters. Notable examples are the applica-
tion of surfactant flooding to carbonate reser-
voirs and of steam processes to reservoirs
deeper than 3,000 feet.

Details regarding the specific Advanced
Technology Case improvements that were con-
sidered for the various EOR processes are con-
tained in Appendices D, E, and F for the
chemical, miscible, and thermal methods,
respectively. Appendix H contains an overview
of needed research that relates to technology
advancements.

Data Base Development

Data Sources

The foundation for the data base used in
this study was the U.S. Department of Energy’s
reservoir data base as it existed in October
1982. However, an examination of the DOE
reservoir data by study participants determined
that additional information was required, and
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an effort was made to improve and expand the
DOE data base.

To be certain that enough data were
gathered, it was decided to seek additional data
for all reservoirs having 20 million barrels of
OOIP or greater and crude oil gravities of
10 °API or greater.! Since cumulative produc-
tion data are usually accurate and readily
available, a list of reservoirs having produced
10 million barrels of oil or more (5 million bar-
rels in some cases) was compiled with the
assumption that it would include most reser-
voirs with 20 million barrels of OOIP or greater.

'For the purposes of this study, the resource was limited to
crude oils that are producible through the wellbore. This generally
applies to crude oils with gravities of 10 °API or greater. For the most
part, reservoirs with crude oil gravities less than 10 °API were ex-
cluded. although there were some exceptions.

A major operator in each reservoir was iden-
tified, and requests for data on 1,300 reservoirs
were made to these operators. These requests
met with a positive response. Further, Lewin
and Associates provided a reservoir data base
to supplement these data. Still, much of the
data were difficult to obtain, and the collection
effort was a reiterative process with continuous
requests to operators for additional information.
The end result of this effort is a reservoir data
base far larger and more complete than had
previously been available.

Table 5 shows the OOIP by state for the
reservoirs in the resulting NPC data base.
Figure 16 is a plot of the frequency distribution
of reservoir sizes in the NPC data base, which
contains over 2,500 reservoirs. The number of
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State

Alabama
Alaska
Arkansas
California®
Colorado
Florida
Illinois
Indiana
Kansas
Kentucky
Louisiana’
Michigan
Mississippi
Montana
Nebraska
New Mexico
New York
North Dakota
Ohio
Oklahoma
Pennsylvania
South Dakota
Tennessee
Texas!

Utah

West Virginia
Wyoming
Miscellaneous¥

Total

% of APl OOIP

TABLE 5

1984 NPC ENHANCED OIL RECOVERY STUDY
DATA BASE INFORMATION
(Thousands of Barrels)

Original Qil In Place

NPC Data Base

NPC Data Base

1980 API (20 Million (50 Million
Estimate DOE Data Base* Barrel Cutoff) Barrel Cutoff)
780,693 417,610 417,610 396,930
30,115,540 28,666,590 28,666,590 28,666,590
4SSN 3 3,636,260 3,477,580 3,234,470
84,696,873 80,022,560 79,688,310 78,056,560
4,339,663 3,084,700 2,691,350 2,270,600
1,054,065 923,480 923,480 846,980
9,102,617 5,664,130 5,477,540 5,156,840
186575 /66 282,530 282,530 198,600
16,278,343 11,219,760 11,106,520 10,453,670
2,129,957 272,940 272,940 155,690
41,227,666 21,742,000 19,757,520 17,321,300
3,005,283 701,660 574,680 469,000
4,965,012 3,482,200 3,173,780 2,630,330
4,693,975 4,214,240 3020 3,144,580
1,424,226 659,270 406,270 344,180
14,907,084 11,106,230 10,841,540 10,314,790
i|= {812 8E) 0 0 0
2,939,572 g liras 1 He) 2,522,060 2,230,000
7,319,649 0 0 0
39,040,687 21,596,860 21,258,430 20,435,880
6,671,170 2,187,230 2,172,230 2,172,230
46,595 8,710 0 0
38,926 0 0 0
154,696,526 116,703,000 113,033,600 107,454,400
3,882,990 3,103,010 2,999,970 2,892,630
2,646,506 1,423,650 1,312,880 1,051,070
16,738,538 11,119,610 10,540,490 9,241,680
194,317 0 0 0
460,022,500 334,955,340 325,308,620 309,138,900
7258 70.7 67.2

*Includes reservoirs with OOIP less than 20 million barrels.
tincludes offshore reserves.
tincludes Arizona, Missouri, Nevada, Virginia, and Washington.
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reservoirs increases dramatically as the OOIP
decreases, but these reservoirs contain only a
small percentage of the total OOIP in the data
base. By eliminating all reservoirs with OOIP
values less than 20 million barrels, the number
of reservoirs to be studied could be reduced by
46 percent while only eliminating 3 percent of
the OOIP from the study. A cutoff value of 50
million barrels (indicated by the dashed lines
in Figure 16) would eliminate 65 percent of the
reservoirs while leaving 92 percent of the OOIP
intact in the study. Accordingly, only reservoirs
with OOIP values of greater than 50 million bar-
rels were considered in the analysis, since they
represent over 67 percent (309 billion barrels)
of the OOIP in the United States and 92 percent
of the OOIP contained in the revised data base.

Missing Data

Even after the intense effort to complete
and refine the data base, some essential infor-
mation required for the subsequent screening
and predictive tasks was still missing.
Therefore, appropriate engineering correlations
were selected from the large amount of infor-
mation available within the industry and used
to ““fill in”’ missing data when needed. The main
objective in using the correlations was to ensure
that no reservoirs were left out of the analysis
due to data omissions.

Screening Criteria

The Implemented and Advanced
Technology Case screening criteria used to
select prospective EOR candidates for each pro-
cess from the NPC data base are summarized
in Tables 6 and 7, respectively. Appendices D,
E, and F contain further discussion as to how
these screening parameters were determined
and how they impact the performance of each
process. The reservoir screening task was
handled by a computer model that read the per-
tinent reservoir data, compared it to the screen-
ing criteria for each process, and then generated
a list of potential candidate reservoirs for each
process. At this point reservoirs were allowed
to appear in more than one process file.

All reservoirs were then reviewed by the
study participants. During this second, more
detailed manual screen, information concern-
ing additional factors that would influence oil
recovery from each reservoir was included
whenever such information was available. Both
geologic and reservoir engineering data were
sought, including the gross depositional en-
vironment, general lithology, estimated degree
of heterogeneity of the reservoir, success of past
waterflooding, and the likely influence of gas
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caps or underlying aquifers. Since the amount
of information on reservoir heterogeneity was
limited, a pseudo Dykstra-Parsons coefficient
was estimated for each reservoir from
waterflood performance.

Preference was given to any process that
was currently being applied to a reservoir even
though it might not have passed the screening
criteria. To a large extent, the knowledge of the
study participants was relied upon and given
priority over information in the reservoir data
files. The net result of this second screening
pass was that some reservoirs were rejected
because of their unfavorable properties, some
were added, and some reservoirs were per-
manently assigned or mandated to a specific
process on the basis that the technology was
currently being, or would shortly be, applied in
that reservoir.

Process Predictive and Economic
Models

Process-specific predictive models were
developed for each of the alkaline, polymer, sur-
factant, miscible, steamflood, and in situ com-
bustion processes. These were highly simplified
analytical tools as compared to the multidimen-
sional simulators that are frequently used to
conduct detailed studies of individual reser-
voirs. Neither the precision of the input data nor
the large number of reservoirs to be handled in
this study were compatible with use of more
sophisticated models.

The models used for surfactant, miscible,
and steamflooding were based on predictive
routines originally designed for DOE and made
available for this study. Additional predictive
models for polymer and alkaline flooding and
in situ combustion were developed specifically
for this study. Throughout the study, the
various models were extensively reviewed,
modified, and calibrated against actual field
data and against results from more complex
reservoir simulators.

Each model consisted of predictive and
economic programs. The predictive program
used the reservoir-specific input data, including
the specified injection rate, to determine the
performance of a single pattern. The results
consisted of water, oil, and gas production rate
projections as well as the volumes of fluids
and/or chemicals injected. The economic pro-
gram then used pattern development schedules
that were supplied for each project to scale in-
jection and production to a field-wide basis. At
the same time, all surface facilities and well-
related equipment were estimated using the
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Screening Parameters*

Units

Oil Gravity

In Situ Qil Viscosity (x)

Depth (D)

Pay Zone Thickness (h)
Reservoir Temperature (TR)

Porosity (¢)

Permeability, Average (k)
Transmissibility (kh/p)
Reservoir Pressure (PR)

Minimum QOil Content at
Start of Process (Sg x ¢)

Salinity of Formation

Brine (TDS)
Rock Type

°API

cp

Feet
Feet

2
Fraction
md
md-ft/cp
psi

Fraction

ppm

TABLE 6

SCREENING CRITERIA FOR EOR CANDIDATES
IMPLEMENTED TECHNOLOGY CASE

Miscible
Flooding Thermal Recovery
Surfactant Polymer Alkaline Dioxide) Steam Combustion
o Z <30 25 10 to 34 10 to 35
<40 <100 <90 - =<15,000 =5,000
b < = = <=3,000 =11,500
3 . = - =20 =20
< 200 <200 <200 = < =
“ = A = >~0.20% >0.207
> 40 >20 >20 - 250 85
X = b = 5 =5
% = % >MmpT =1,500 =2,000
= = = = >0.10 >0.08
< 100,000 <100,000 <100,000 - - =
Sandstone Sandstone Sandstone Sandstone Sandstone Sandstone
or or or or
Carbonate Carbonate Carbonate Carbonate

* Other criteria of a geological and depositional nature were also considered. Generally, reservoirs with extensive faulting, lateral discontinuities, fractures, or overlying gas caps are
not prime candidates for field-wide EOR application. These factors were considered during the manual screening step when they could be identified.

TMMP denotes minimum miscibility pressure, which depends on temperature and crude oil composition.
ignored if oil saturation (Sg) x porosity (¢) criteria are satisfied.






appropriate process-dependent and process-
independent costs to determine the total invest-
ment requirements as a function of time.
Operating costs were handled in a similar
fashion. Each model generated summaries
estimating the annual and cumulative produc-
tion, injection, revenue, investment, operating
cost, tax, royalty and cash flow streams to be
used for the rate of return and present worth
calculations and to be carried forward in the
subsequent compositing steps.

Detailed discussions of the process predic-
tive models are presented in Appendices D, E,
and F.

Economic Considerations

Constant Dollar Analysis

A constant dollar analysis procedure is
used throughout this report. All costs and prices
are expressed in 1983 dollars and are presumed
to be constant throughout the study period.
This allows comparison of the various study
projections in real terms, undistorted by
estimates of future inflation rates.

Crude Oil Prices

The historical trend of domestic crude oil
prices is illustrated in Figure 17 on both an ac-
tualand a 1983 inflation-adjusted basis. Crude
oil price forecasting is a very difficult and
speculative task, and no attempt to do so was
made in this study.

Instead, the study considers four nominal
crude oil prices of $20, $30, $40, and $50 per
barrel in constant 1983 dollars. These nominal
prices were presumed to apply to a 40 °API mid-
continent crude oil. Actual crude oil prices vary
with API gravity and geographic location.
Failure to account for this would have intro-
duced a serious distortion in the results.
Therefore, correlations were developed that cor-
rectly account for these factors.

Gravity and Location Adjustments.
Crude oils having an API gravity of less than
40° were subjected to a price adjustment to ap-
propriately account for their poorer quality and
the fact that lower gravity crude oils yield lower
value refined products. Although it may be true
that crude oils with gravities greater than
40°API produce higher value refined products,
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and therefore are worth more to a refiner, no at-
tempt was made to compensate for crude oil
gravities of greater than 40 °API, because the
price correction would have been quite small
and there were very few crude oils with such
gravities included in this study.

To determine the appropriate magnitude of
the price adjustment, various crude oil postings
from around the United States were studied.
The analysis showed that relatively good crude
oil price versus API gravity correlations could
be developed if the California postings were cor-
related separately from those in the mid-
continentregion. Figures 18 and 19 display the
California and mid-continent postings, respec-
tively. In each case, the data indicated that
there were a number of natural price breaks
that could be approximated as straight line
segments. This allowed the crude oil price ver-
sus gravity relationships to be easily incor-
porated in the economic models for each
process.

Since the postings shown in Figures 18 and
19 were determined during a period when
domestic crude oil prices were a nominal $30
per barrel, the curves shown in these figures
were applied to the nominal $30 per barrel base
case. Gravity and location adjustments were
also made for the $20, $40, and $50 nominal

price cases, using a procedure described in Ap-
pendix C.

For each nominal crude oil price case, all
revenues, royalties, and taxes, and all oil price
dependent costs, were calculated using the ad-
justed crude oil prices. Results are described
and composited according to the nominal oil
price. It is important to remember, however,
that for each nominal crude oil price, the
average sales price is less.

Alaska. Alaskan crude oil prices were also
treated in a special manner. Because of its
remoteness from conventional large market
areas, Alaskan crude oil, particularly that from
the North Slope, is subjected to rather large
transportation differentials.

The North Slope oil is moved through the
Trans-Alaskan Pipeline System to Valdez and
is then shipped to other areas of the United
States. North Slope crude oil was priced in ac-
cordance with the mid-continent gravity ad-
justed postings in Figure 19 less another $10
per barrel for transportation fees. Some $9 per
barrel of the transportation fees are associated
with amortized capital, port of entry charges,
and fixed tariffs and hence does not vary with
oil price. The remaining $1 per barrel was
assumed to vary with oil price.
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Alaskan crude oil not produced on the
North Slope was priced in accordance with
the California gravity adjusted postings in Fig-
ure 18.

Produced Gas Prices

As it was not practical to determine gas
prices on a reservoir by reservoir basis, the deci-
sion was made to value natural gas as fuel on
a BTU-equivalent basis with the (nongravity-
adjusted) nominal price of crude oil. Gas prices
used in this study for the various nominal crude
oil price cases are summarized in Table 8.

TABLE 8
SUMMARY OF PRODUCED GAS PRICES®
Nominal
Crude Oil California Non-California
Price ($/Mcf or ($/Mcf or
($/bbl) $/Million BTU)  $/Million BTU)
20 2.94 3,33
30 4.42 5.00
40 5.89 BLTT
50 =36 8.33

* Assumes that one barrel of crude oil is equal to 6 Mcf of natural
gas on a BTU basis.

The small differences between the price of
natural gas in California versus the rest of the
United States is due to the fact that the Califor-
nia crude oil postings peak at $26.25 per bar-
rel (shown in Figure 18) as opposed to the
nominal base $30 per barrel value.

Further discussion of produced gas prices
is contained in Appendix C.

Investment and Operating Costs

Both the investment and operating costs
used in this study were categorized as being
either process-independent or process-
dependent. Process-independent costs include
items common to all processes such as well
drilling and completion costs, workover costs,
well equipment costs, the cost of standard sur-
face handling equipment, general lease
operating expenses, etc. Process-dependent
costsarethose more specifically associated with
the individual EOR process being studied. The
general assumptions used for determining and
applying both the process-independent and
process-dependent costs are discussed below.
More extensive discussions of the specific in-
vestment and operating costs are contained in
Appendices C, D, E, and F.
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Process-Independent Costs

Process-independent costs were estimated
on a regional basis using equations that were
based on conventional waterflood operations.2
The special regional correlations used were
developed by the Energy Information Ad-
ministration (EIA) of the Department of Energy.
Because miscible and chemical flooding
methods utilize the injection of water into the
reservoir, their process-independent costs were
based on those for installing and operating
waterfloods.

Process-Dependent Costs

Chemical Flooding. The major in-
vestments for the chemical processes are
chemical injection plants and wells. Due to the
complex nature of the injection fluids and the
need for high fluid quality, special field facilities
are required for mixing, filtering, and injecting
the surfactant, polymer, and alkaline slugs. Ad-
ditionally, in the case of alkaline flooding,
water-softening equipment is required.

Costs of chemical injection plants are
dependent upon both plant capacity and the
types of fluids being handled. For each project,
this cost was estimated based on the maximum
injection rate needed and on the particular
chemical process used. Details are given in Ap-
pendix D.

Drilling costs were a second major invest-
ment for surfactant flooding. Pattern size was
chosen for each field by calculating the injec-
tion rate that would permit 1.2 pore volumes
of fluid to be injected in an 8-year period. The
pattern size was limited to a maximum of 40
acres and a minimum of five acres. If the
calculated surfactant flood pattern size was less
than the existing waterflood pattern size, addi-
tional wells were drilled. Pattern sizes for
polymer and alkaline flooding were assumed to
be the same as during waterflood. Therefore, no
additional drilling costs were required. In all
cases, the process-independent drilling costs
based on waterflooding were used for the pro-
ducing wells and injection wells.

The major expense for chemical flooding
methods is the cost of the various chemicals.
Typical chemicals used are primary surfac-
tants, secondary surfactants, polymers, and
alkaline agents. Unit costs for each of these
items were determined from a confidential
survey conducted among the study par-
ticipants. Methods for adjusting the chemical
costs at the nominal $20, $40, and $50 crude
oil price cases are detailed in Appendix D.

3DOE/EIA-0185(82) report, “Costs and Indexes far Domestic Oil
and Gas Field Equipment and Production Operations, 1982."
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Fixed operating expenses for chemical
flooding were assumed to be the same as for
waterflooding, if the pattern remained the same
as for the pre-existing waterflood. Incremental
fixed operating expenses were considered only
for those projects that required drilling new
wells to reduce the pattern size.

The last major expense category considered
for chemical floods was for well workovers. A
workover cost, estimated to be 20 percent of the
cost of drilling a new well, was included based
on the assumption that each existing well
would be worked over at the start of a chemical
flood. A second type of workover, occurring
once every eight years, was considered as part
of normal waterflooding operations and
therefore no additional process-dependent cost
was included for these activities.

Miscible Flooding. Because the major
potential for miscible flooding is expected to
result from the CO, miscible process, the de-
tailed process-dependent cost discussion is
limited to factors dealing with CO,. Other mis-
cible processes such as hydrocarbon gas and
nitrogen injection have somewhat different
process-dependent costs, and were handled
separately.

The major investment for many CO, proj-
ects is the produced gas processing and recycle
plant. The purpose of such a plant is twofold,
namely processing hydrocarbon gas and con-
densate products for sale and extracting a
relatively pure CO, product for reinjection at
high pressure. Two specific types of plants were
considered in this study. The first are process-
ing plants that separate hydrocarbon and CO,
productstreams and have facilities for compres-
sion of CO, for reinjection. The second are
plants designed to reinject the entire produced
gas stream, and this type requires considerably
less investment than the first. The principal in-
centive to make the large incremental invest-
ment for the more complex type of plant is the
revenue from the hydrocarbon gas and liquid
product sales. It was assumed that these in-
cremental revenues would offset the incremen-
tal investment; thus, only the investment for
the second type of plant was considered for this
study.

Well costs are also a major investment.
Generally, if the well spacing was 80 acres or
less, and injectivity would permit reasonable
rates, no infill drilling was assumed. Some
reservoirs, because of low injectivity or age of
the wells, were assumed to require additional
drilling. For the purpose of this study, no in-
cremental process-dependent factor was added
to the process-independent well costs. When



pattern spacing and injectivity were considered
reasonable, one new injection well was as-
sumed to be required for every three patterns,
with two producing to injection well conver-
sions for the other two patterns.

CO, for injection is the major expense item
for CO, miscible projects. The price of CO,
varies by geographic region and distance of the
reservoir from the CO, source. The lowest CO,
price was for the West Texas/East New Mexico
area where CO, is being transported in large
volumes by pipeline from natural underground
sources. The highest CO, price assumed for the
purpose of this study was in isolated regions
where industrial plant byproducts are the most
likely source of CO,. The CO, prices used in this
study were regionalized in this manner and ad-
justed by an energy cost factor for the various
nominal crude oil price cases.

Plant operating costs for CO, recycling are
another expense specific to CO, projects. The
operating expense for CO, processing and rein-
jection facilities was included in the economics
for miscible flooding. Generally, 30 to 40 per-
cent of the CO, injection requirements for a
reservoir were supplied by recycled CO, since
a reservoir is usually developed over several
years with early patterns furnishing CO, for
those patterns developed at a later date.

While the per well workover costs were
assumed to be the same for a normal
waterflood, the number of workovers required
for a CO, project was doubled from one per well
every eight years to one per well every four
years.

Additional details regarding the process-
dependent costs associated with CO, miscible
projects are presented in Appendix E.

Thermal Recovery. The procedure used
to determine the project-specific investment
and operating costs for thermal processes (i.e.,
steamfloods and in situ combustion) differed
from that used for the miscible and chemical
processes in the following two ways:

¢ Full process costs were utilized as op-
posed to combining incremental process-
dependent costs with the process-
independent waterflood base costs.

* Significant investment was included for
the surface equipment that would be
necessary to dehydrate, meter, store,
and ship crude oil as well as that re-
quired to clean up and dispose of pro-
duced water.

A full cost analysis approach was used for
all thermal processes because these projects are
almost always conducted as a primary or secon-

dary production method, whereas miscible and
chemical recovery techniques are almost
always applied in a post-waterflood or tertiary
mode. Consequently, the historical cost data
available for thermal operations include the full
cost of applying the technology and the most
logical choice was to use the data in its original
form.

The decision to include significant invest-
ment for central handling facilities was also
unique to the thermal methods, again due to
the fact that very few economical thermal proj-
ects are conducted in reservoirs that have yield-
ed good primary and secondary recoveries. This
meant that sufficient surface equipment to han-
dle the high oil and gas rates associated with
alarge steamflood or in situ combustion project
would need to be added as part of the thermal
installation. In contrast, sufficient surface pro-
duction facilities would normally be on hand
from the waterflood operation for the miscible
and chemical processes.

The specific investment and operating cost
data for both steamflooding and in situ combus-
tion, and other factors affecting how this infor-
mation was applied, are discussed in detail in
Appendix F.

Overhead Costs

Each project was subjected to certain
overhead costs, which were determined by ap-
plying a factor to drilling and completion expen-
ditures, direct operating costs, and construction
costs. For drilling and completion, overhead
was assumed to be 5 percent. A 20 percent fac-
tor was applied for direct operating costs (ex-
cluding the cost of injectants) and a 2 percent
factor was used for construction costs. These
percentages are considered to be consistent
with industry experience.

Energy Cost Factors

Relationships were determined between
crude oil price and major groupings of the
various cost components. These relationships,
called energy cost factors, were applied to all ap-
plicable cost parameters as the nominal crude
oil price changed from the base $30 per barrel
value.

Historical cost data were compared on an
inflation adjusted basis to determine the proper
relationship between crude oil price and costs.
Costs were grouped into the following three
categories:

¢ Drilling and Completion
¢ Facilities and Equipment
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* General Operating Costs (exclusive of
injectants, which were handled sep-
arately).

As aresult of this analysis, energy cost fac-
tors were derived such that for each 100 percent
change in crude oil price, drilling and comple-
tion costs would change by 40 percent, equip-
ment costs by 30 percent, and general operating
costs by 20 percent. Fuel costs were assumed
to vary directly (i.e., energy cost factor of 1.0)
with nominal crude oil price. The method of
using these cost factors is described in Appen-
dix C.

Tax and Royalty Considerations

Federal and State Income Taxes

A statutory corporate tax rate of 46 percent
on ordinary income was used, which is consis-
tent with current tax laws. Although state and
local taxes vary considerably from state to state,
a single representative tax rate was selected.
Based on a review of the tax rates in key pro-
ducing areas, a state and local tax rate of 4 per-
cent of net profits was used in the economic
model for all properties except for the Federal
Offshore, where no state tax applies.

Other Taxes and Royalty

Severance tax rates also vary from state to
state. A review of the data indicated that a rate
of 8 percent of net revenue is a fair representa-
tion of the major oil producing states; thus, this
rate was chosen for severance taxes.

A royalty of 12.5 percent of gross revenue
was considered for all projects. It is recognized
that this is no longer the prevailing rate as
royalties range upward to 33.3 percent and
beyond in some cases. However, many of the
projects considered in this study are either on
fee acreage or on old leases where lower rates
still exist. The 12.5 percent rate was therefore
considered to be representative and
appropriate.

Windfall Profit Tax

The Crude Oil Windfall Profit Tax Act of
19803 provided for an excise tax to be levied on
U.S. crude oil production. The Windfall Profit
Tax (WPT) is applied as a percentage of the dif-
ference between the actual sales price of the
crude oil and a specified base price that
escalates with time. The WPT rate and the base
price vary with crude oil production method
and field history, with the maximum WPT rate

3Crude Oil Windfall Profit Tax Act of 1980, Public Law 96-223
(94 Stat. 229), April 2, 1980.
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being 70 percent for ongoing production at the
time of the Windfall Profit Tax Act enactment.
Under the Act, a reduced tax rate was éstab-
lished for qualified tertiary recovery projects.

The WPT rate on tertiary oil is 30 percent
as compared to a 70 percent rate for most
nontertiary oil production. A ‘‘base level pro-
duction” is determined by averaging the daily
production for the property over the six-month
period ending March 31, 1979. The law pro-
vides for a statutory decline of this production
rate by one percent per month until the start
of EOR injection activities and thereafter a
decline rate of 22 percent per month is used.
Tertiary oil (taxed at 30 percent) is defined by
the Act as the amount of oil produced in excess
of the statutory decline amount. As legislated,
the WPT is scheduled to phase out over a
33-month period beginning when government
revenue reaches a cumulative total of $227.3
billion, but no earlier than January 1988 and
no later than January 1991. Because oil prices
have fallen during the early 1980s, cumulative
government revenue is far short of this max-
imum value, and therefore, the tax will most
likely begin to phase out at the latter of these
dates.

In order to minimize the effect on marginal
properties, the maximum WPT paid is limited
to 90 percent of the ‘‘taxable income” of each
lease property. In addition, the specific calcula-
tions depend upon whether the producer is con-
sidered as a major or independent company.

The reduction in the WPT rate for en-
hanced oil recovery, coupled with the increased
statutory decline rate of 2% percent per month,
was intended to provide an incentive for
enhanced oil recovery. Whether this is a real in-
centive depends upon the balance between the
benefit of the reduced tax burden and the in-
cremental costs and risks associated with the
EOR project. The Windfall Profit Tax Act tends
to favor lower cost processes or higher cost pro-
cesses in fields with substantial secondary oil
production. The effects of the Windfall Profit
Tax Act are both process and reservoir specific.

None of the results presented in this study
include the effects of applying the WPT in the
economic calculations. Under current law, the
WPT will phase out in 1993. More than 75 per-
cent of the production estimated in this study
comes after this date. As a result, it would not
be subject to the tax. To verify that the gross
effects of the tax could be ignored for the
general purposes of this study, a test run was
made on a sample set of 100 reservoirs. Some
projects were adversely affected by the tax,
others benefited, and many showed little
change. This observation is consistent with the



findings of other analyses of this nature.* The
study participants therefore concluded that it
was a good approximation to ignore the tax
when determining composited results for a
large number of EOR projects.

Additional discussion of the Windfall Profit
Tax Act and its impact on the future of en-
hanced oil recovery is contained in Chapter Six.

Depreciation and Credits

Other tax considerations include an invest-
ment tax credit of 10 percent and the use of the
Accelerated Capital Recovery System'’s five-
year schedule as legislated in the Economic
Recovery Tax Act of 1981. The purchase of
nonhydrocarbon injectants for EOR projects
was expensed in the year the fluid was injected
rather than being treated as an investment.
Drilling costs were assumed to be 72 percent in-
tangible and 28 percent tangible for all projects
except those employing thermal methods,
which used a 60 percent intangible and 40 per-
cent tangible split. These allocations appear to
be representative of industry experience.

Economic Indicators

Rate of Return Cases

All rate versus time projections in this
study (i.e., compositing runs) are based on a
minimum discounted cash flow rate of return
(minimum ROR) of 10 percent. This means that
only projects that produced a 10 percent rate
of return or greater (according to the predictive
model economic analyses) are included in the
rate projections described in Chapter Four. It
should not be taken to imply that undertaking
all of these projects will actually produce such
a rate of return.

Companies invoke different investment and
project evaluation criteria based upon their
specific cost of capital, the portfolio of invest-
ment opportunities available, and their par-
ticular methods of compensating for the
perceived technical risks, all of which vary with
time. Use of the 10 percent minimum ROR in
this study should not in any way be construed
to imply that any one particular rate of return
is universally acceptable to the petroleum
industry.

The sensitivity of ultimate recovery to rate
of return was measured for the Implemented
Technology Case. Ultimate recovery potential
was determined for each EOR process for
minimum RORs of O, 10, and 20 percent. The

4'The Windfall Profit Tax and Enhanced Oil Recovery,"
prepared for the U.S. Department of Energy by S. Thompson,
PYROS Inc.. Oct. 27, 1982.

results for each of these rate of return cases are
described in Chapter Four.

Investment Efficiency

It was necessary to use some form of rank-
ing criterion to determine which EOR projects
would be started in the early years of the study
period, and which projects would be delayed.
A measure of project profitability was required
for this determination, and the study par-
ticipants employed a ranking criterion called In-
vestment Efficiency. This parameter is defined
as the ratio of the project’s total discounted cash
flow to the maximum cumulative negative dis-
counted cash flow. The discount rate used for
the calculation was set equal to the minimum
ROR used in compositing (i.e., 10 percent). A
more detailed discussion of Investment Effi-
ciency is contained in Appendix C.

Compositing Procedure

The purpose of the compositing procedure
was to take the results from the predictive and
economic models for each process and combine
them to predict ultimate recovery and produc-
ing rates, both in total and for each process.
This was carried out in two steps, assignment
and timing, each assisted by a computer model
but guided by the engineering judgment of the
study participants.

The general steps in the compositing pro-
cedure areillustrated in Figure 20. The various
process non-exclusive data files (resulting from
the appropriate screens and economic runs)
were passed to the assignment model, along
with the specified ongoing projects. The assign-
ment model determined the single best process
for eachreservoir and placed the reservoir in the
proper file (reservoirs not economic under any
process were placed in the uneconomic file).
These process-exclusive files were passed to the
timing model, which scheduled the projects in
calendar time. Timing results were reviewed for
consistency and reasonableness. A case was
rerun, where necessary, with varying timing or
other parameters.

The compositing procedure was generally
the same for both the Implemented and Ad-
vanced Technology Cases. However, there were
some differences in detail and these two cases
are described separately below.

Implemented Technology Cases

Assignment Model

The first step in the compositing procedure
was to assign each reservoir to only one of the
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EOR processes. Specific process assignments
were made on the following basis:

* Reservoirs with ‘‘ongoing’ EOR projects
already in place were assigned to that
process regardless of the relative
recovery and economic feasibility of any
other process.

* Reservoirs for which specific EOR proj-
ects have been planned and publicly
announced were treated as ‘“‘ongoing”
projects and thus were assigned to the
corresponding process.

* Reservoirs that had been pre-assigned to
any particular process by the study par-
ticipants for any special mechanical or
environmental reason were assigned
accordingly.

¢ All remaining reservoirs where projects
exceeded the minimum ROR were
assigned to the process that recovered
the most oil at each nominal crude oil
price and minimum ROR combination.
Reservoirs that had no process meeting
the minimum ROR at a given nominal
crude oil price were eliminated for that
nominal crude oil price and minimum
ROR combination.

* Noreservoir was assigned toin situ com-
bustion if it also passed the minimum
ROR for steamflooding.

Timing Model

The second step in the compositing pro-
cedure was to determine the start date for each
project. This was handled by a separate timing
model. All projects were ranked in decreasing
order of Investment Efficiency and brought on
stream starting in 1984, subject to restrictions
that prevented all projects from starting in the
same year. The various factors that determined
these restrictions were:

e The amount of surfactant the project
required

¢ The amount of carbon dioxide required
¢ The geographic location of the reservoir

¢ The level of industry confidence in the
particular EOR process; i.e., the need for
additional pilot testing for surfactant
flooding

e The engineering judgment of study
participants.

(Some additional discussion of these factors as
they impacted individual processes is contained
in Appendices D, E, and F.) The timing model
initiated all projects, taking the various factors

into account, and produced composite oil pro-
duction for each process on a year by year basis.

Advanced Technology Cases

Compositing of the Advanced Technology
Cases was somewhat more complicated than
the procedure for the Implemented Technology
Case. The overall assignment and timing pro-

jections break down into three periods:

1984-1987, 1988-1994, and after 1995.

1984-1987

During the 1984-1987 period, no advanced
technology was made available. All reservoir
assignments and all oil recoveries were iden-
tical to those for the Implemented Technology
Case.

1988-1994

Advanced technology was applied to ongo-
ing steam projects in 1988. All reservoir
assignments remained the same, but the ther-
mal recovery projections included the addi-
tional costs and oil recovery associated with the
Advanced Technology Case. During this time
period, advanced technology was applied only
to reservoirs with steam projects that were
ongoing in 1984.

After 1995

Advanced technology became available to
all processes in 1995. Compositing continued
on the following basis:

* Any reservoir where a project was in-
itiated prior to 1995, except those as-
signed to the polymer process, continued
to be assigned to that process. Im-
plemented polymer projects also re-
mained assigned to the polymer process
and continued to produce; however,
these reservoirs were also subsequently
allowed to be re-assigned to another pro-
cess, providing it was economic when
evaluated wunder the Advanced
Technology Case conditions.

* Reservoirs where projects were not in-
itiated prior to 1995 were assigned by a
procedure identical to that described
above for the Implemented Technology
Case. However, the starting point for
assignment and timing was the process
predictive and economic output for the
Advanced Technology Case.

* Projects that were (1) economic under
implemented technology, (2) not in-
itiated before 1995, and (3) uneconomic
under advanced technology were made
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available for assignment after 1995
using their Implemented Technology
Case results.

The polymer process exception above was
specified to allow additional EOR to be included
in the Advanced Technology Case projections.
It was justified on the basis that oil production
from the polymer process occurs because of in-
creased sweep efficiency and not because it
reduces the oil content in that portion of the
reservoir swept during waterflooding.
Therefore, in some cases, sufficient oil may re-
main to permit economic application of one of
the more efficient processes such as surfactant
flooding or miscible flooding.

In a few cases, a project that was economic
under implemented technology was not in-
itiated before 1995, and wasuneconomic under
advanced technology. In these cases, the im-
plemented technology version of the project
continued to be available for timing after 1995.
This situation occurred when increased produc-
tion of the project’s Advanced Technology Case
failed to offset its increased costs. Allowing the
Implemented Technology Case to be available
prevented losing the project after 1995.

Once the assignment task was completed,
the timing step for the Advanced Technology
Case was similar to that of the Implemented
Technology Case. Projects were initiated begin-
ning in 1995 in order of decreasing Investment
Efficiency and in accordance with the factors
described for the Implemented Technology
Case. The only difference was that the
magnitudes of certain factors, such as CO,
availability, were increased. This resulted in an
accelerated rate of development and higher pro-
ducing rates. Additional information on the
development and use of these factors is con-
tained in Appendices D, E, and F.

Transition Projects. The Advanced
Technology Case timing model calculated the
composited production on a calendar year basis
for each individual EOR process and for all pro-
cesses by combining the results for the various
time periods. Projects completed before 1995
obviously contributed only that amount of oil
attributable to implemented technology, while
those starting after this date contributed all of
the oil attributable to the corresponding
technological improvements.

For those projects caught in the technology
“transition,” the prudent operator would
naturally use any technological advancement
that would improve future performance. Tran-
sition projects were therefore allowed to benefit
from advanced technology for whatever produc-
tive life remained after 1995. In this manner,
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a proportional amount of the additional oil that
would be recovered due to technology im-
provements was properly accounted for in the
study results.

Other Factors

Other, less quantitative factors could not be
explicitly incorporated in the timing procedure.
For the most part, these factors exert periodic
short-term effects as opposed to long-lasting in-
fluences. As such, they have a much greater ef-
fect on rate projections than on ultimate
recovery potential.

Environmental Considerations

Environmental regulations impact all
phases of oil recovery. Costs related to en-
vironmental conservation were included in this
study to the extent that these factors could be
included in the generalized design specifica-
tions for each project.

A more complete discussion of the perti-
nent environmental considerations that affect
enhanced oil recovery is presented in Appen-
dices D, E, and F (individual process appen-
dices) and in the form of an industry overview
in Appendix G.

Technological Risks

Throughout this study the industry par-
ticipants used their best engineering judgment
toassurethat the final results reflect the techni-
cal risks associated with the various processes,
as well as past experiences and perceptions of
future trends. Discussions of the technological
risks associated with each EOR process are con-
tained in Appendices D, E, and F.

Skilled Manpower

The petroleum industry is a highly
technical business requiring a wide variety of
skilled disciplines. Enhanced oil recovery is
considerably more complex from a research,
engineering, and operational viewpoint than
conventional operations, and it requires more
skilled manpower. The skills involved are
generally similar to those required for conven-
tional production, but there is a requirement for
an adequate adjustment or training period as
a person begins to work on EOR projects.

Over the long term, the number of people
skilled in EOR technology will have to increase,
as the emphasis shifts from conventional opera-
tions to enhanced oil recovery. There may be
short periods when people with the required
skills may not be available to implement certain



projects as fast as might be desired. In the long
term, the availability of skilled manpower is not
a factor that will likely limit EOR development.

Decision-Making

Two other factors that could affect the rate
of EOR development are: (1) the rate at which
groups of working interest owners make deci-

sions regarding project implementation, and (2)
the rate at which the required permitting and
regulatory steps are handled by the appropriate
agencies. The time required to satisfactorily
deal with these factors is highly variable and
project delays may result. For the purposes of
this study, however, these factors were as-
sumed not to affect project timing.
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This chapter presents the results of the
assessment of the EOR potential of known U.S.
oil reservoirs. The results presented in the
study are not intended to be a forecast of what
will occur. Rather they represent projections
of what could happen under certain technical
and economic assumptions and constraints.
Chapter Three contains a description of the
organization, the methodology, and the major
assumptions that are the basis for these results.
Appendices D, E, and F present a complete
background and documentation of the study
and detailed results for chemical, miscible, and
thermal processes.

These projections are the result of the effort
of experts in the various areas of EOR
technology, and other specialists from the
petroleum industry. The participants involved
in all phases of the study contributed their in-
formed judgment as to the reasonableness of
the assumptions, the methodology, and finally
the results.

Two basic levels of technology were con-
sidered: an Implemented Technology Case and
an Advanced Technology Case. Each of these
cases was evaluated for sensitivity to crude oil
price and sensitivity to rate of return. The base
economic case is based on a nominal $30 per
barrel oil price, and 10 percent minimum ROR.

It should be noted that these results, and
all others presented in this report that include
thermal recovery estimates, are gross results
and include the amount of crude oil that would
be used as fuel for steam generators. Actual
net sales to market would be somewhat less
than the projected volumes.

Implemented Technology—
Base Economic Case

All Processes

The estimated ultimate recovery for the Im-
plemented Technology, base economic case is
14.5 billion barrels. This ultimate recovery is
distributed among the three major EOR
methods as shown in Table 9.

TABLE 9

ULTIMATE RECOVERY
IMPLEMENTED TECHNOLOGY,
BASE ECONOMIC CASE*

Recovery Ultimate Recovery Percent

Method (Billions of Barrels) of Total
Chemical 2.5 17
Miscible D) 38
Thermal 6.5 45
Total 14.5 100

~ *The base economic case assumptions include $30 per barrel
nominal crude oil price, 10 percent minimum ROR, and no Windfall
Profit Tax.

The base economic case ultimate recovery
is distributed among the major EOR methods
as shown in Figure 21. This figure also shows
a breakdown of the recovery within major
methods by process, by geographic location, or
by ongoing versus new projects, as applicable.
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Figure 21. Ultimate Recovery—Implemented Technology, Base Economic Case
($30 per Barrel Nominal Crude Oil Price, 10 Percent Minimum ROR).

A peak producing rate of about 1.2 million
barrels per day is projected in the base
economic case. A rate of over 1 million barrels
per day could be achieved by the early 1990s,
and sustained beyond the year 2005. Eleven
billion barrels, or 75 percent of the 14.5 billion
barrel ultimate, can be produced during the
30-year projection period. The producing rate
projection is shown in Figure 22 for the total,
and for each major EOR method. EOR produc-
tion in 1984 is expected to be 600 thousand bar-
rels per day, mostly from ongoing thermal
projects. These producing rate curves
demonstrate the contribution of each of the
major EOR processes to the total EOR rate. The
production rate from the established thermal
processes peaks in the early 1990s, and then
starts into a steady decline. Production from
miscible flooding is on the rise through the rest
of the century and peaks after the year 2000.
Production from chemical flooding is the
smallest contributor during the study period
and its peak rate has not yet been achieved by
the end of the study period, 2013.

Chemical Flooding—
Implemented Technology

For the Implemented Technology, base
economic case, chemical methods make the
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smallest contribution to EOR potential. Of 2.5
billion barrels of total potential, 2.1 billion bar-
rels come from surfactant flooding, 0.3 billion
barrels from polymer flooding, and only 0.1
billion barrels from alkaline flooding.

As shown in Figure 23, the producing rate
from surfactant flooding is projected to grow
slowly throughout the study period, reaching
140 thousand barrels per day by 2013. This is
arelatively small contribution to the total EOR
producing rate. No significant production from
surfactant flooding is foreseen before 1990. This
late start and slow buildup, relative to some
other EOR processes, reflect the difficult
technical problems yet to be resolved. Field
tests conducted to date have generally proven
uneconomic and hence the process is con-
sidered high risk. The projection shown in
Figure 23 is based on the presumptions that
field testing will continue, and that the
necessary improvements in process economics
will occur.

Polymer flooding is already finding
widespread application. The base economic
case production rate is shown in Figure 23 at
about 50 thousand barrels per day in the late
1980s, and this rate is sustained for about ten
years before declining. Although this is a very
modest contribution to the nation’s energy



PRODUCTION RATE
(THOUSANDS OF BARRELS PER DAY)

PRODUCTO N RATE
(THOUSANDS OF BARRELS PER DAY)

2000
r

LEGEND

-~ Wmmmmms Total EOR
EED @ Thermal
D @@= Miscible

el =» @» @ Chemical

1000

’——~
'T--

N —-—“‘“h""ﬁ
Ll!;;:L::1::l;:::1:'-1-'-'G"lﬁ--"-'1-'----»-1---.

1984 1990 1995 2000 2005 2010 2015

YEAR

Figure 22. Production Rate—Implemented Technology, Base Economic Case
($30 per Barrel Nominal Crude Oil Price, 10 Percent Minimum ROR).

/

/

2000 r

LEGEND
- @ @am Polymer

s Surfactant

—
[¢)]
(@)
(@)

1000 =

500

T — l

0| == | i S

1984 1990 1995 2000 2005 2010 2015
YEAR

Figure 23. Production Rate for Chemical Flooding—Implemented Technology,
Base Economic Case ($30 per Barrel Nominal Crude Oil Price, 10 Percent Minimum ROR).

63



supply, polymer flooding may extend the pro-
ducing lifetime of many fields, thereby keeping
them available for a subsequent, more efficient,
EOR process.

Implemented Technology Case alkaline
flooding shows very little potential. The max-
imum producing rate is projected to be less than
10 thousand barrels per day, and hence does
not appear on Figure 23. Thisreflectsa consen-
sus that the process has not been adequately
developed. Future research and field tests may
improve the outlook. Appendix D contains fur-
ther discussion of this subject.

Miscible Flooding—
Implemented Technology

For the Implemented Technology, base
economic case, miscible flooding contributes
5.5 billion barrels of ultimate recovery to the
total potential enhanced oil recovery from
known U.S. oil reservoirs. During the 30-year
rate projection period, 3.8 billion barrels, or
about 70 percent of the miscible flooding
ultimate recovery, are produced.

West Texas/East New Mexico carbonate
reservoirs represent the single most significant
source of miscible flooding potential. The
ultimate recovery from this one area is pro-
jected to be 3.1 billion barrels by miscible

flooding with CO,, or approximately 60 percent
of the estimated total miscible recovery.

The producing rate from the miscible
flooding process is projected to peak at 500
thousand barrels of oil per day shortly after the
year 2000. This represents an increase in pro-
duction of 450 thousand barrels per day over
the 1984 production rate attributed to ongoing
miscible projects. Figure 24 shows the 30-year
rate projection for miscible flooding. Also shown
on the figure is the contribution of the West
Texas/East New Mexico area to this rate. Pro-
duction from this area is projected to peak soon
after the year 2000, at about 330 thousand bar-
rels of oil per day.

Availability of CO, for injection is the
primary timing constraint for CO, miscible
floods. The West Texas/East New Mexico area
is being supplied large volumes of CO, from
natural sources by two major pipelines, with a
third soon to be completed. The rate projections
for the base economic case assume the CO,
supply for this area will reach 2.1 billion cubic
feet per day in the late 1980s. Appendix E con-
tains further discussion of this subject.

Thermal Recovery—
Implemented Technology

For the Implemented Technology, base
economic case, thermal recovery methods ac-
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Figure 24. Production Rate for Miscible Flooding—Implemented Technology,
Base Economic Case ($30 per Barrel Nominal Crude Oil Price, 10 Percent Minimum ROR).
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count for an ultimate recovery of 6.5 billion bar-
rels, or 45 percent of the total ultimate EOR
potential. All thermal recovery shown in this
study represents gross production, and includes
oil to be burned as steam generator fuel. Pro-
duction statistics excluding fuel are not
available from public industry sources. Ongoing
projects account for 4.4 billion barrels of the
thermal recovery potential. New steam and new
in situ combustion projects will account for 0.8
billion barrels and 1.3 billion barrels, respec-
tively. Included in the potential from ongoing
projects are proved reserves estimated at 2.8
billion barrels. These reserves should presently
be included in the booked reserves of the pro-
ducing companies, and therefore do not repre-
sent EOR potential incremental to published
reserve statistics.

It can be seen from Figure 22 that most of
the EOR production during the first 10 years of
the study period is from thermal recovery
methods. The maturity of thermal development
results in a peak producing rate of 685 thou-
sand barrels per day occurring in the early
1990s and declining to approximately 275
thousand barrels per day atthe end of the study
period. Figure 25 illustrates the producing rates
for each thermal recovery category. Beginning
in the year 2000, the decline rate of ongoing
projects is partially offset by the increasing pro-
duction from new steam and new in situ com-

bustion projects. Appendix F contains further
discussion of thermal recovery projections.

Implemented Technology—
Economic Sensitivities

The sensitivities of the results to oil price
and minimum ROR were examined in this
analysis. Implemented Technology Case
ultimate recovery projections were made for all
oil price and rate of return combinations. Pro-
ducing rate projections were made for all oil
prices at a 10 percent minimum ROR only.

Sensitivity to Oil Price—
All Processes

Three oil prices were examined for sen-
sitivities around the base economic case oil
price of a nominal $30 per barrel. For the $20,
$40,and $50 per barrel sensitivities (as with the
$30 per barrel case), the nominal oil price was
assumed to remain constant for the entire
30-year study period. This analysis allows com-
parisons that demonstrate the effect of real
crude oil price on EOR potential.

The nominal crude oil price applies to a
40°API, mid-continent crude oil. It should be
noted that the actual average sales price of oil
is considerably less than the nominal price
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when adjustments for API gravity (crude oil
quality) and location are included. The
weighted average crude oil price for each EOR
projection was calculated for the mix of reser-
voirs in each case. Table 10 shows the results
of this analysis, by major method and for all
processes combined.

Drilling, equipment, and operating costs
vary with oil price changes. Real cost changes
were approximated by applying a series of
energy cost factors, developed from historical
trends. Process-dependent costs were also ad-
justed for changes in real crude oil price.

Oil price, as expected, significantly in-
fluences potential ultimate recovery, and
greatly influences the producing rate during the
30-year period. The sensitivities to price result
in a range from 7.4 billion barrels at $20 per
barrel, to 19.0 billion barrels at $50 per barrel,
compared to the base economic case ultimate
recovery of 14.5 billion barrels.

The bar graphs in Figure 26 indicate the
ultimate recovery for all EOR processes by
price, and the portion of the ultimate recovery
produced during the 30-year projection. As
price increases, a greater percentage of the

TABLE 10

NOMINAL CRUDE OIL PRICE VS. AVERAGE SALES PRICE
IMPLEMENTED TECHNOLOGY CASE
(10 Percent Minimum ROR)

Nominal Average Sales Price ($/bbl)
Crude Qil Price Chemical Miscible Thermal All
($/bbl) Flooding Flooding Recovery Processes
20 19.45 19.34 14.50 16.28
30 ' 28.98 27.48 22.39 25.45
40 38.26 37.00 29.71 3533
50 48.00 46.21 B2l 43.17
40
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TABLE 11

SENSITIVITY OF ULTIMATE RECOVERY TO OIL PRICE
AT 10 PERCENT MINIMUM ROR
(Billions of Barrels)

Recovery b
Method $20/bbl $30/bbl $40/bbl $50/bbl
Chemical 1.0 25 8.5 4.1
Miscible 2.0 5.5 7.0 7.7
Thermal 44 6.5 7.0 7.2
Total 7.4 14.5 17.5 19.0
17%

13% O

27% 60%

$20 PER BARREL
TOTAL = 7.4 BILLION BARRELS

20%
40%

40%

$40 PER BARREL
TOTAL = 17.5 BILLION BARRELS

Thermal
Recovery

LEGEND:

38%\

TOTAL = 14.5 BILLION BARRELS

)\ 38%

$50 PER BARREL
TOTAL = 19.0 BILLION BARRELS

7 Miscible

= Yy Chemical
= Flooding

AN Flooding

N

Figure 27. Sensitivity of Ultimate Recovery to Nominal Crude Oil Price (Constant 1983 Dollars)
by Major EOR Method—Implemented Technology Case (10 Percent Minimum ROR).

ultimate recovery is produced during the
30-year period; 83 percent of the ultimate is pro-
duced during the 30-year period at $50 per bar-
rel, and 75 percent at $30 per barrel. The $20
per barrel case is not comparable because few
new projects would be initiated, and the
ultimate potential would drop to 7.4 billion bar-
rels, or about half the potential at $30 per
barrel.

The distribution of ultimate recovery for
each price is shown in Table 11. This sensitiv-
ity to price is also presented in Figure 27, which

gives the distribution for each of the three major
EOR methods. This distribution remains about
the same for all cases except the $20 per barrel
case. At $20 per barrel, ultimate recovery by
thermal methods is about 60 percent of the total
because few new projects would be initiated and
ongoing thermal projects would account for the
bulk of the production.

The sensitivity of total producing rate to
real crude oil price during the projection period
is shown in Figure 28. At $50 per barrel, the
total rate reaches 1.8 million barrels per day
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Figure 28. Sensitivity of Total Production Rate to Nominal Crude Oil Price
(Constant 1983 Dollars)—Implemented Technology Case (10 Percent Minimum ROR).

before the year 2000, and is sustained for about
five years. Other price cases show peak rates of
1.4 million barrels per day at $40 per barrel, 1.2
million barrels per day at $30 per barrel, and
less than 0.8 million barrels per day at $20 per
barrel.

Sensitivity to Minimum Rate
of Return—AIll Processes

Eachinvestor, whether major oil company
or independent, uses different criteria for mak-
ing investment decisions. Cost of capital, types
of investment opportunities, and perceived
technical risk all influence project decisions.
The use of a minimum ROR as an investment
criterion in this study is a method of compen-
sating for these factors. This does not imply that
industry actually arrives at investment deci-
sions in this manner. A minimum ROR of 10
percent was selected for the base economic
case. Thisrate of return was used as a cutoff to
identify those projects for which ultimate
recovery estimates and rate projections were
calculated. At each of the four prices con-
sidered, $20, $30, $40, and $50 per barrel,
ultimate recovery was calculated for minimum
RORs of O, 10, and 20 percent. Rate projections
were made only for the 10 percent minimum
ROR cases. While O percent minimum ROR
would not be considered by any investor as a
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viable opportunity, it indicates an upper target
for enhanced oil recovery.

Over thisspectrum of sensitivities, the total
EOR ultimate recovery varies from 5.2 billion
barrels at $20 per barrel, 20 percent minimum
ROR, to 24.0 billion barrels, at $50 per barrel,
0 percent minimum ROR. The complete matrix
of sensitivities of ultimate recovery to price and
minimum ROR is shown in Table 12.

Chemical Flooding—Sensitivity
to Price and ROR

As would be expected, the potential for
chemical flooding grows as the oil price in-
creases, and decreases as the minimum ROR is
increased. This is illustrated in Table 13, which
shows that ultimate recovery may go as low as
400 million barrels at $20 per barrel, 20 percent
minimum ROR, or as high as 4.8 billion barrels
at $50 per barrel, O percent minimum ROR.
Surfactant flooding accounts for the over-
whelming majority of this potential ultimate
recovery, except at $20 per barrel, 10 percent
minimum ROR and $20 per barrel, 20 percent
minimum ROR. In these cases, polymer proj-
ects contribute a significant part of the poten-
tial chemical flooding enhanced oil recovery.

Producing rate as a function of time was
estimated for all price cases at 10 percent
minimum ROR, as shown in Figure 29. The
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TABLE 12

ALL PROCESSES

SENSITIVITY OF ULTIMATE RECOVERY TO MINIMUM ROR
IMPLEMENTED TECHNOLOGY CASE

(Billions of Barrels)

Nominal i
Crude Oil Price Minimum ROR
($/bbl) 0% 10% 20%
20 154 7.4 5.2
30 19.1 14.5 10.1
40 22.0 17.5 13.7
50 24.0 19.0 16.1
TABLE 13
CHEMICAL FLOODING
SENSITIVITY OF ULTIMATE RECOVERY TO PRICE AND ROR
IMPLEMENTED TECHNOLOGY CASE
(Billions of Barrels)
Nominal i ,
Crude Oil Price Minimum ROR
($/bbh 0% 10% 20%
20 2.3 1.0 0.4
30 3.6 2.5 14
40 43 55 2.2
50 4.8 4.1 2H0]
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Figure 29. Sensitivity of Chemical Flooding Production Rate to Nominal Crude Oil Price

(Constant 1983 Dollars)—Implemented Technology Case (10 Percent Minimum ROR).
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chemical flooding producing rate increases as
oil price increases, reaching 400 thousand bar-
rels per day at the end of the study period, for
$50 per barrel. This is approximately three
times the rate estimate in the base economic
case. An increment of approximately 100
million pounds of annual surfactant manufac-
turing capacity must be added each year in
order to meet the $50 per barrel producing rate
projection. While this is well within industry
capability, by historical standards it is a high
rate of capacity expansion.

Figure 29 showsthat chemical flooding can
be a significant contributor to total EOR produc-
ing rates with current technology, but only at
higher oil prices.

Miscible Flooding—Sensitivity
to Price and ROR

The ultimate oil recovery projected for
miscible flooding increases with oil price, and
also as the minimum ROR is lowered, as il-
lustrated in Table 14. The range in ultimate
recovery is from 1.0 billion barrels at $20 per
barrel, 20 percent minimum ROR, to 10.4
billion barrels at $50 per barrel, O percent
minimum ROR. This study projects an ultimate
recovery of 5.5 billion barrels for the Im-
plemented Technology, base economic case.

Producing rates for miscible flooding were
projected for the 30-year study period for all
four oil prices at a 10 percent minimum ROR.
The peakratefor the Implemented Technology
base economic case is approximately 500 thou-
sand barrels per day. At $50 per barrel, the peak
rate exceeds 800 thousand barrels per day by
the end of the century, while at $20 per barrel
the peak rate reaches only 200 thousand bar-
rels per day. Rate curves for all oil prices are
shown in Figure 30.

Thermal Recovery—Sensitivity
to Price and ROR

The projected ultimate recovery for thermal
methods increases with nominal oil price, and
decreases as the minimum ROR is increased,
as shown in Table 15. The range of ultimate
recovery is from 3.8 billion barrels at $20 per
barrel, 20 percent minimum ROR, to 8.8 billion
barrels at $50 per barrel, O percent minimum
ROR. The results indicate that recovery is
somewhat more sensitive to crude oil price than
ROR, especially at minimum ROR values
greater than 10 percent. This is primarily due
to the influence of the ongoing thermal projects.
Higher oil prices do encourage the initiation of
new projects for all minimum ROR cases.
However, applying a higher minimum ROR at
a given oil price to mature ongoing projects,
where the large *‘front-end’” investments have
previously been made, has only a moderately
negative effect. This study projects an ultimate
recovery of 6.5 billion barrels for the Im-
plemented Technology, base economic case.

Producing rates for thermal recovery were
projected for the 30-year study period at each
of the four nominal crude oil prices at a 10 per-
cent minimum ROR, as illustrated in Figure 31.
There is a relatively small variance in rate be-
tween the $30 and $50 per barrel oil price pro-
jections, with peak rates of 685 thousand bar-
rels per day and 770 thousand barrels per day,
respectively. The influence of the mature ongo-
ing thermal projects causes this variation to be
small. It should be noted that a real oil price
drop to $20 per barrel would have a very signifi-
cant impact on the future production rate, in-
dicating that the current threshold price for
thermal recovery is in the $20 to $30 per bar-
rel price range.

TABLE 14

MISCIBLE FLOODING
SENSITIVITY OF ULTIMATE RECOVERY TO PRICE AND ROR
IMPLEMENTED TECHNOLOGY CASE
(Billions of Barrels)

Nominal
Crude Oil Price Minimum ROR
($/bbl) 10% 20%
20 4.2 2.0 1.0
30 7.6 Shée) 323
40 9.3 7.0 4.8
50 104 TATE 6.2
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TABLE 15

THERMAL RECOVERY
SENSITIVITY OF ULTIMATE RECOVERY TO PRICE AND ROR
IMPLEMENTED TECHNOLOGY CASE
(Billions of Barrels)

Nominal
Crude Oil Price Minimum ROR
($/bbD) 0% 10% 20%
20 5.0 4.4 3.8
30 7.9 6.5 56
40 8.4 7.0 6.7
50 8.8 7.2 7.0

Advanced Technology

All Processes

The Advanced Technology Case was
chosen toillustrate the impact that technology
improvements could have on enhanced oil
recovery. It assumes that certain technology ad-
vances will be developed and implemented
within the study period. It is not a forecast that
these developments will occur, but rather an
estimate of the impact if they did occur. In the
cases analyzed, the Implemented Technology
Case projections terminate at a specific date,

and are replaced by Advanced Technology Case
projections, where applicable, for the remainder
of the 30-year study period. It should be noted
that the results of the Advanced Technology
Case and the Implemented Technology Case
are not additive. The Advanced Technology
Case results include the Implemented
Technology Case results as well as the addi-
tional recovery resulting from technology ad-
vancements, where they apply. Both ultimate
recovery and producing rate projections were
made in this study for crude oil prices of $30,
$40, and $50 per barrel with a 10 percent
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Figure 32. Ultimate Recovery—Advanced Technology, Base Economic Case
($30 per Barrel Nominal Crude Oil Price, 10 Percent Minimum ROR).
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Figure 33. Comparison of Implemented and Advanced Technology, Base Economic Cases.

minimum ROR for the Advanced Technology
Case. In all cases, the economic assumptions
regarding oil price, and energy cost factors
associated with oil price, were consistent with
the Implemented Technology Case. A $20 per
barrel price was not considered to be consistent
with the Advanced Technology Case, because
most of the Advanced Technology Case
assumptions reflect higher costs.

Technology will probably gradually im-
prove throughout the study period. For these
projections, however, some simplifying
assumptions were required relative to specific
dates when advanced technology would be
available. The participants considered the time
it takes to move technology from theory,
through the laboratory, through pilot testing,
and into full-scale, commercial applications.
The date chosen was 1995. This date, 11 years
into the 30-year forecast period, may be op-
timistic, but is considered achievable. All pro-
cesses were assumed to have the advanced
technology available at the same 1995 date,
with the exception of ongoing steam projects.
Due to the maturity of these projects, the Ad-
vanced Technology Case was accelerated to
1988.

The results of applying the assumptions of
the Advanced Technology Case, at the specified

future dates of 1988 and 1995, show that the
EOR potential ultimate recovery increases to
27.5 billion barrels in the base economic case
($30 per barrel, 10 percent minimum ROR).
This compares to a recovery of 14.5 billion bar-
rels in the Implemented Technology base
economic case. Figure 32 shows the distribu-
tion of the ultimate recovery by EOR process.
A comparison of the distribution of ultimate
recoveries by method for the Advanced
Technology Case and the Implemented
Technology Case is shown in Figure 33. The
recovery for each major method is significantly
larger with advanced technology; however,
chemical flooding contributes the greatest in-
crease because it has the greatest potential for
improvements. Chemical flooding recovery is a
much larger fraction of the total enhanced oil
recovery in the Advanced Technology Case.

Table 16 shows comparisons of ultimate
recoveries for the Implemented and Advanced
Technology Cases at three nominal crude oil
prices. The increases in ultimate recovery as a
percentage of the Implemented Technology
Case value ranges from a 90 percent increase
at $30 per barrel to a 79 percent increase at $50
per barrel. A further comparison on the bar
graphs in Figure 34 indicates the percentage of
the total ultimate recovery that is produced dur-
ing the 30-year projection period.
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TABLE 16

COMPARISON OF ULTIMATE RECOVERY
ADVANCED VS. IMPLEMENTED TECHNOLOGY
AT 10 PERCENT MINIMUM ROR
(Billions of Barrels)

Nominal
Crude Oil Price Advanced Technology Implemented Technology
($/bbh) Ultimate Recovery Ultimate Recovery
20 NA* 7.4
30 AL 14.5
40 31.9 17.5
50 34.0 19.0

*Advanced Technology Case at $20 per barrel is not considered applicable.
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Figure 34. Comparison of Ultimate Recovery for Implemented and Advanced
Technology Cases (10 Percent Minimum ROR).

The peak producing rate for the Advanced
Technology, base economic case reaches 2 mil-
lion barrels per day by 2005, asshown on Figure
35. Therates of production for thermal and misci-
ble processes peak between 2000 and 2010, while
the chemical flooding producing rate is still in-
creasing at the end of the study period.

Producing rate projections for the Ad-
vanced Technology Case indicate that a peak
rate of almost 3 million barrels per day could
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possibly be achieved during the study period
with a $50 per barrel nominal crude oil price
assumption. Figure 36 shows the total EOR pro-
ducing rate for all of the Advanced Technology
price cases.

Advanced and Implemented Technology
Case producing rates are compared in Figures
37, 38, and 39 for all prices. These illustrate a
significant increase in producing rate for im-
proved technology at all oil prices.



Chemical flooding contributes the most ad-
ditional potential in the Advanced Technology
Cases. The more mature thermal recovery pro-
cesses show a modest increase in ultimate
recovery, as does miscible flooding. Figure 40
illustrates the ultimate recovery variation by
price and technology, for the major EOR
methods. The following is a brief discussion of
the Advanced Technology Case by major EOR
method. For more detailed coverage of the sub-
ject refer to Appendices D, E, and F for chemical
flooding, miscible flooding, and thermal
recovery, respectively.

Chemical Flooding—
Advanced Technology

The Advanced Technology Case potential
for chemical flooding is greatly increased com-

pared to the Implemented Technology Case.
For the base economic case, potential in-
cremental ultimate recovery increases from 2.5
to 10.9 billion barrels. Although alkaline
flooding potential increases from 0.1 to 0.8
billion barrels, most of the increase is from sur-
factant flooding. The incremental ultimate
recovery increases from 2.1 to 9.9 billion bar-
rels. The surfactant flood producing rate in-
creases from 130 thousand barrels per day in
2013 in the Implemented Technology Case to
490 thousand barrels per day in the Advanced
Technology Case. Actual producing rates would
be dependent on surfactant availability and
cost.

At $50 per barrel, chemical flooding poten-
tial increases to 13.5 billion barrels. The pro-
duction rate at this price is estimated to reach
840 thousand barrels per day by the end of the
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Figure 35. Production Rate—Advanced Technology, Base Economic Case
($30 per Barrel Nominal Crude Oil Price, 10 Percent Minimum ROR).
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Figure 36. Sensitivity of Total Production Rate to Nominal Crude Oil Price
(Constant 1983 Dollars)—Advanced Technology Case (10 Percent Minimum ROR).

study period. Again, this is highly dependent
upon assumptions concerning availability of
surfactant. With these producing rates, only a
small proportion of the total surfactant flooding
potential is actually produced before 2013.
Amounts actually produced are 2.9, 3.8, and
5.3 billion barrels for $30, $40, and $50 per bar-
rel of oil, respectively.

Miscible Flooding—
Advanced Technology

The difference between the incremental
ultimate recovery in the Advanced Technology
Case for miscible flooding, and the incremen-
tal ultimate recovery in the Implemented
Technology Case, is less than one billion bar-
rels for all price sensitivity cases. Two forms of
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advanced technology for miscible flooding were
considered: reservoirs that respond favorably to
waterflooding and CO, miscible flooding,
because of moderate reservoir heterogeneity,
would be flooded with larger CO, slug sizes; and
reservoirs that have a relatively high degree of
reservoir heterogeneity, and perform un-
favorably during waterflooding and CO, misci-
ble flooding, would be flooded using foamant
chemicals and other methods to attempt to con-
tact more of the remaining oil in the reservoir.
Both forms of the Advanced Technology Case
require additional costs. Also at higher oil
prices, more reservoirs would be developed by
miscible flooding before the 1995 effective date
for the Advanced Technology Case. These fac-
torsresult in a limited potential for increasing
ultimate recovery with advanced technology.
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Producing rates for miscible flooding in the
Advanced Technology Cases peak higher than
in the Implemented Technology Case. At $50
per barrel, the peak rate reaches 980 thousand
barrels per day compared to 820 thousand bar-
rels per day in the Implemented Technology
Case. In the $30 per barrel base economic case,
the peak ratereaches 625 thousand barrels per
day with advanced technology compared to 500
thousand barrels per day with implemented
technology.

Thermal Methods—Advanced
Technology

In the Advanced Technology Case, thermal
methods are estimated to have a potential
ultimate recovery of 10.5 billion barrels (in-
cluding steam generator fuel) for the base

economic case. This is an increase of 4.0 billion
barrels from the Implemented Technology
Case, and thermal methods would account for
approximately 38 percent of the total potential
enhanced oil recovery of 27.5 billion barrels for
the Advanced Technology Case.

The ultimate recovery from thermal
methods for the base economic case includes
5.1 billion barrels from ongoing thermal proj-
ects, 3.3 billion barrels from new steam drive
projects, and 2.1 billion barrels from new in situ
combustion projects. Compared to the Im-
plemented Technology Case, most of the
growth is attributable to increasing the number
of reservoirs to which the thermal processescan
be applied, as only 0.6 billion barrels of the 4.0
billion barrel increase comes from improving
the sweep efficiency of the ongoing steam drive
projects.
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Figure 37. Comparison of Implemented and Advanced Technology Production Rates—
Base Economic Case ($30 per Barrel Nominal Crude Oil Price, 10 Percent Minimum ROR).
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At $30 per barrel, the production rate for
thermal recovery peaks at 925 thousand barrels
per day near the turn of century. As the
nominal crude oil price is increased to $50 per
barrel, the peak production rate exceeds 1.2
million barrels per day, also around the year
2000.

Uncertainty

Although this study was conducted by ex-
perts in the field of enhanced oil recovery and
other specialists from the petroleum industry,
the resulting ultimate recoveries and produc-
tion rate projections are nonetheless subject to
a great deal of uncertainty. Comprehensive
studies tend to converge on a best estimate
answer. The shortcoming of such a rigorous ap-

proach is not what is included in the analysis
but the unknowns that are either outside the
scope of investigation, or that cannot be pre-
cisely determined. These factors lie in the areas
of economics, technology, and methodology.

While there are a great many factors that
may contribute to the overall economic uncer-
tainty, oil price is considered the most signifi-
cant. Indeed, most other economic factors, such
as tax policy and demand variations, can be
converted to an equivalent change in effective
oil price.

Both present and anticipated oil prices
substantially affect EOR activity. The results of
the $30 per barrel base case are strongly in-
fluenced by the events that occurred from 1978
to 1982, when the real price of oil approached
$40 per barrel and was projected to rise even
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Figure 38. Comparison of Implemented and Advanced Technology Production Rates
($40 per Barrel Nominal Crude Oil Price, 10 Percent Minimum ROR).
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higher. EOR projects benefited and gained
much momentum during this time, as shown
by the substantial investments made to develop
CO, resources and pipeline systems to serve the
miscible flood projects in the West Texas area.
Also, expansions were made to most of the large
steamflood projects in California. This in-
creased activity became part of the ongoing
EOR base upon which the study results are
constructed.

Uncertainty to oil price was examined in
this study by varying the nominal crude oil
price over arange of $20 to $50 per barrel. The
effects of these price changes are more severe
than what would normally occur because the
prices are assumed to change instantly and re-
main in effect through the entire time period of
the study. Under normal economic cir-
cumstances, future price changes would be

gradual and, inany case, would not be in effect
over the entire study period. It is felt that the
range of ultimate recovery resulting from a
change of the nominal base price from $20 to
$50 per barrel provides a reasonable estimate
of uncertainty due to economic factors.

Technology is another significant factor in
uncertainty. Most technological progress in the
petroleum industry is a result of its willingness
to experiment with new technologies and pro-
cesses. Many of these initial attempts to employ
new technology end in failure, and progress is
frustratingly slow. However, in many instances
this continued research and field testing has led
to ultimate success.

The Advanced Technology Case of this
study assumed technological success. Since the
Advanced Technology Case is based on the
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assumption that many new technological im-
provements will occur, that they will have the
maximum impact, and that they will be cost ef-
fective, this case is felt to represent the upper
technological uncertainty limit.

In addition to the factors mentioned above,
the methodology of the study introduced uncer-
tainty in two areas: (1) ‘*success assumption,”
and (2) extrapolation of resource base.

The study was based on the assumption
that all projects that passed the minimum ROR
screens would be successful. Actually, some
projects will perform better than predicted in
this study, and others will perform worse. Some
projects would fail completely because of unan-
ticipated adverse geological, technological, and
mechanical factors. Since the projects that are
most likely to fail are those already close to the
minimum ROR, the risk of failure is often com-
pensated for by raising the acceptable
minimum ROR. For this analysis, raising the
minimum ROR from 10 to 20 percent was used
to estimate the adverse effect of uncertainty due
to project failures.

Uncertainty also arises from the size of the
data base being less than estimates of total
OOIP in known fields in the United States. Much
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effort went into developing the best data base
possible, which contains about 70 percent of all
the oil discovered to date.

The upper limit of uncertainty by direct ex-
trapolation is approximately 40 percent greater
than the projected recovery for each case. In the
best judgment of the study participants, direct
extrapolation is not warranted. The study pro-
jected recoveries for all reservoirs with 50
million barrels or more OOIP that passed EOR
screening. Some reservoirs with less than 50
million barrels of OOIP will be prone to be
amenable to EOR processes. However, overall
recovery from these reservoirs is not expected
to be proportional to that from the larger fields
because of poorer economics for small-scale
floods.

Taken together, the ranges of ultimate EOR
resulting from the specific factors discussed
above give an indication of the effective uncer-
tainty on ultimate EOR for each process
method. Results are shown in Figure 41 and
tabulated in Table 17. Results for the in-
dividual uncertainty factors and for each pro-
cess are not additive. Many of the factors are
highly interrelated, and no attempt has been
made to show total or composite effects.
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TABLE 17

'UNCERTAINTY RANGE OF ULTIMATE RECOVERY
(Billions of Barrels)

Method
' Chemical Miscible Thermal
Factor High Low High Low High Low

Price 4.1 1.0 Tl 2.0 7 7.2 4.4
Technology 10.9 2.5 6.1 5.5 10.5 6.5
Success Assumption 25 1.4 555 343 B2 5.5
Extrapolation 3.6 ) 7.9 5.5 9.3 6.5
The possible uncertainty in ultimate Conclusions

recovery from chemical processes ranges from
1 billion to 11 billion barrels around an Im-
plemented Technology, base economic case
projection of 2.5 billion barrels. Chemical
flooding, being the least mature of the three
major EOR methods, has the most potential
from future technological improvements.
However, failure to develop cost-effective
chemicals that will withstand high
temperatures, salinities, and the high-hardness
level of carbonate reservoirs could result in
rather limited application of these processes.

For miscible flooding, the potential uncer-
tainty ranges from 2 billion to 8 billion barrels
around an Implemented Technology Case pro-
jection of 5.5 billion barrels. To reach the upper-
limit 8 billion barrel level will take a synergistic
combination of advanced technology, high
prices, and an expanded resource target.

The potential uncertainty for thermal
recovery ranges from 4 billion to 11 billion bar-
rels around an Implemented Technology Case
projection of 6.5 billion barrels. Thermal pro-
cesses, being the most mature, have less low-
side uncertainty than the other two major
methods. One of the most significant factors
that will affect the ultimate high-side potential
of thermal recovery is the degree of future suc-
cess of the in situ combustion process.

The above discussion of uncertainty is not
meant to diminish the validity or the merit of
the results of this study in any way, but rather
is an attempt to quantify the effect of internal
and external factors that need to be considered
when interpreting the study results. Further
discussion of process specific factors that in-
fluence uncertainty is given in Appendices D,
E, and F.
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The results of this study demonstrate that
the application of EOR processes to known
reservoirs can significantly increase the
domestic crude oil supply. The Implemented
Technology, base economic case results project
ultimate recovery of 14.5 billion barrels of oil,
of which 3.5 billion barrels will be produced
through currently implemented EOR projects.
Thus, a net amount of 11 billion barrels could
be added to the current recoverable reserves of
28 billion barrels, under the technical and
economic assumptions of the Implemented
Technology, base economic case.

Of this 14.5 billion barrel projection, almost
half (45 percent) would be producible through
thermal recovery methods, with miscible
flooding and chemical flooding contributing 38
percent and 17 percent, respectively.

The producing rate for EOR methods is pro-
jected to reach more than one million barrels
per day in the early 1990s and remain at that
level until beyond 2005. This rate is the
equivalent of 13 percent of current daily U.S.
oil production.

The majority of EOR production through
1995 is estimated to come from thermal
recovery methods. Miscible flooding methods
contribute significantly to the total producing
rate by the late 1990s, and surpass the thermal
recovery producing rate early in the next cen-
tury. Producing rates from chemical flooding
methods remain low, reaching only 140 thou-
sand barrels per day at the end of the study
period.

Comparisons of results at the wvarious
nominal crude oil prices demonstrate that the
potential ultimate recovery from EOR



methods, and the rate at which this oil is pro-
duced, are highly sensitive to oil price. The pro-
jected Implemented Technology, base
economic case recovery of 14.5 billion barrels
increases by 30 percent, to 19 billion barrels,
as the nominal crude oil price reaches $50 per
barrel. Conversely, ultimate recovery drops by
50 percent, to 7.4 billion barrels, as the nominal
crude oil price falls to $20 per barrel. Peak
poducing rates are affected similarly, rising by
60 percent to 1.8 million barrels per day at $50
per barrel, and falling 30 percent, to less than
one million barrels per day at $20 per barrel.

Technology is also demonstrated to have
a significant impact on EOR potential. The
successful development and implementation of
advanced technology, as defined in this study,
is projected to increase ultimate recovery poten-
tial to 27.5 billion barrels, assuming base
economics. This represents an increase of 90
percent over the Implemented Technology,
base economic case estimate of 14.5 billion bar-
rels. The contributions to this increase vary
among processes according to their relative
maturities, with chemical flooding methods
showing the greatest potential increase.
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Having considered projections of enhanced
oil recovery, it is important to put enhanced oil
recovery in perspective to other sources that
could contribute to the nation’s energy future.
Liquid fuels have furnished about 45 percent of
the nation’s total energy requirement since
1950, growing from 40 percent in 1950 to a
peak of 49 percent in 1978 before declining to
43 percent in 1982. Natural gas, coal,
hydroelectric, and nuclear power account for
most of the remainder. Figure 42 illustrates
graphically the pattern of energy consumption
and the part supplied by each source.

Liquid fuels consumed by the United States
in the past were supplied mainly from two
sources: (1) production from domestic oil fields;
and (2) foreign oil imports. These sources also
provide lubricants and chemical feedstocks. Oil
production from domestic sources includes that
obtained through application of waterflooding
and pressure maintenance, which have helped
substantially to improve recovery in the last few
decades. Declining domestic production and in-
creasing demand for oil in the 1970s forced in-
creasing reliance on oil from foreign sources,
spurring extensive discussion and study of
ways to increase domestic production.

While such studies have identified the dif-
ficulty of increasing the domestic supply, they
resulted in no clear, fast, economic, and lasting
solutions. Since 1979, prices have accelerated
the rate of conventional exploration and
development, which has temporarily
moderated the rate of decline in reserves and
daily production capacity. The higher prices, as

well as a depressed economy and special legisla-
tion (e.g., fuel consumption specifications for
automobiles) have also caused a dramatic shift
toward conservation such that both the actual
rate of consumption and consumption per
dollar of Gross National Product (GNP) have
declined. While these developments have been
significant and have led to a reduction in crude
oil imports, they have not solved the country’s
problem on a long-term basis.

Likewise, this study reveals no clear-cut,
fast, or lasting solutions. Although the EOR
resources projected here arelarge, and the pro-
jected rates would supply an important fraction
of the production needed to meet anticipated
domestic demand, enhanced oil recovery by
itself is not the complete solution for future
supply of liquid petroleum for the United States.
All other sources of petroleum must be con-
sidered. Alternative sources of liquid fuels (syn-
fuels) may increase in importance over the
longer term, depending upon market conditions
and technological advances. Conservation and
substitution of nonpetroleum fuels remain im-
portant aspects of policy to secure the nation’s
energy future.

Demand for Liquid Fuels

As demonstrated in the past decade, liquid
fuel consumption in the United States is
predominantly influenced by six factors, some
of which are interrelated:

* Availability

® Price
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e Economic growth
Population growth
Efficiency of use

* End-use regulation.

The shortage of domestic crude oil begin-
ning in 1971, followed by the disruption of im-
portsin 1973-1974 and 1979-1980, led to very
large price increases. Over time, these price in-
creases forced substantial changes in consump-
tion patterns. Improved fuel usage efficiency
(conservation) and consumer shifts to other fuel
sources (substitution) resulted in lower con-
sumption per capita and caused a substantial
reduction in the consumption of liquid fuels.
The demand for liquid petroleum! increased 4
to 5 percent annually prior to 1978 but declined
from 18.8 million barrels per day in 1978 to
15.3 million barrels per day in 1982 (see Figure
43), illustrating the sensitivity of demand to
price. Petroleum consumption per million
dollars of real 1972 GNP fell from 4,780 to 3,780

'Petroleum liquids include imported and domestic crude oil,
natural gas liquids, and imported refined products, net of exports.
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barrels (Figure 44), while per capita annual con-
sumption fell from 30.9 to 24.1 barrels in the
same period.?

Although this study shows that enhanced
oil recovery could contribute importantly to
supply U.S. energy needs, it should be viewed
in perspective with projected energy demand
throughout the study period. Recent forecasts
typically project only moderate growth in de-
mand for liquid petroleum in the United States
until 1990, and little growth or actual declines
in demand for the remainder of this century and
well into the next.3# Such forecasts, of course,
are subject to considerable uncertainty. Con-
sumption is forecast to be 16 million barrels per
day or less, including natural gas liquids and
imported refined products through the re-
mainder of the century (Figure 45).5 As long as

2Basic Petroleum Data Book, Petroleum Industry Statistics,
Vol. 3, No. 3 (September 1983}, American Petroleum Institute.
Washington, D.C.

3“Energy Projections tothe Year 2010." Office of Policy. Plan-
ning, and Analysis. U.S. Department of Energy (October 1983).

4"*The Energy Outlook Through 2000, Energy Economics Divi-
sion, Chase Manhattan Bank, N.A.. New York (March 1983).

5See footnote 3.
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Figure 43. Petroleum Liquids Demand (Includes Imported and Domestic Crude Oil,
Natural Gas Liquids, and Imported Refined Products, Net of Exports.)

SOURCE OF DATA: Basic Petroleum Data Book, Petroleum Industry Statistics, Vol. 3, No. 3, American Petroleum
Institute, Washington, D.C. (September 1983); and the Energy Information Administration of the

U.S. Department of Energy.

there are sufficient economic incentives, im-
provements in the efficiency of energy use will
continue, and this will reduce growth in de-
mand. However, future efficiency gainsmay be
in small increments and will be offset to some
extent by economic and population growth. The
dependencies of the residential and commercial
sector and the electric utility sector of the
economy on liquid fuels have diminished
substantially since the early 1970s (Table 18).
Further gradual changes are expected.

Projections beyond the year 2000 are even
less certain. Recent DOE projections indicate
neutral growth or actual declines in U.S. de-
mand for liquid fuels within the study period.®
Energy demand will be stimulated by economic
and population growth. However, the United
States already is a highly developed, indus-
trially mature nation and appears to have a
declining, although high, energy consumption
per dollar of GNP. This tends to moderate in-
creases in energy consumption from economic
and population growth (see Figure 44).

8See footnote 3.

Supply of Liquid Fuels
Potential sources of liquid fuels that will
compete to fill future demand are:
® Production from known fields by conven-
tional recovery methods

e Production from known fields by EOR
methods

* Production from new fields discovered
by exploration

e Imports from foreign sources

e Synthetic liquids produced from natural

gas, coal, oil shale, tar sands, and
biomass.

Production from Known Fields by
Conventional Recovery

Recoverable oil reserves from currently pro-
ducing fields in the United States were

estimated to be about 28 billion barrels of oil at
the end of 1982.7 This includes about 3.5 billion

7U.S. Crude Oil. Natural Gas. and Natural Gas Liquids Reserves.
1982 Annual Report. Office of Oil and Gas. Energy Information Ad-
ministration, U.S. Department of Energy (August 1983).
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TABLE 18

DEPENDENCE ON LIQUID PETROLEUM BY CONSUMING ECONOMIC SECTOR*
(Percentage of Total Energy Consumed Within Sector)

Sector 1970 1973 1976 1979 1982
Industrial 22.6 34.7 37.5 40.4 38.6
Residential and
Commercial 38.0 205 26.0 2385 19.5
Transportation 95.4 959 97.0 97.0 96.7
Electric Utilities 12.9 18.4 16.0 13.9 75
44.0 46.7 47.2 47.0

Total U.S. Economy 42.9

*Source of data: Basic Petroleum Data Book, Petroleum Industry Statistics, Vol. 3, No. 3 (September 1983), American

Petroleum Institute, Washington, D.C.

barrels that will be produced by ongoing EOR
projects (primarily steam): however, it does not
include recoverable natural gas liquids and gas
condensate, which amount to an additional 7.2
billion barrels. At current production rates, this
represents about a 9.6-year supply of total
petroleum liquids without any future additions
to reserves. However, because of declining pro-
duction rates, it will actually take about 30
years to produce these reserves. The 28 billion
barrels of crude oil reserves are only about 17
percent of the oil forecast to be needed during
the period.

Production from Known Fields by
Enhanced Oil Recovery

To expand domestic crude oil supplies, pro-
ducers are giving increasing attention to im-
proving recovery of in-place reserves from
known reservoirs. A potential means to ac-
complish this is application of enhanced oil
recovery processes on a broad scale. However,
any significant increase in the application of
these processes on a wide scale will depend on:

e Favorable (commensurate with risks)
EOR project economics that are attrac-
tive relative to other investment oppor-
tunities for developing oil or gas supplies

e The amount of capital available to the
petroleum industry

e Other factors, as discussed in Chapter
Six.

Potential recovery of crude oil through ap-
plication of EOR processes in known reservoirs
as projected in this study could be an important
part of the overall U.S. supply. The potential
exists to add 11 billion barrels of reserves to

U.S. supplies with existing EOR technology and
current economic conditions. This potential is
equivalent to approximately 40 percent of cur-
rent proved U.S. reserves.

Exploration and Development of
New Fields

It is becoming more and more difficult to
add reserves by exploratory drilling. This is
illustrated in Figure 46, which shows the
historical trend of reserve additions per foot of
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hole drilled by exploratory wells in the con-
tiguous 48 states. This trend indicates that an
ever increasing amount of drilling is necessary
to find an additional barrel of reserves.
Ultimately, a point of diminishing returns will
be reached if this trend continues, and as this
happens, the economics of alternative EOR
projects will become increasingly attractive
relative to the economics of exploration.

Several factors could improve the chances
for future exploration success, such as greater
access to unexplored lands, both offshore and
onshore, and the geologic attractiveness of
some frontier areas such as Alaska and the deep
Gulf of Mexico. However, there is agreement
that harsher environments in most frontier
areas will cause longer time lags between
discovery and production. These harsher en-
vironments will raise development costs, which
could make discoveries in these environments
uneconomic unless very large accumulations
having high per-well producing rates are found
or real prices increase significantly. It will not
be unusual for large offshore or Arctic projects
to require investments of several billions of
dollars.

Imports

Although imports have been dropping both
in total volume and as a percentage of U.S. con-
sumption since 1979, they will continue to be
a significant future source of liquid hydrocar-
bons. The current plentiful supply of foreign oil
could influence the rate of EOR growth in the
United States by its influence on oil price. A
plentiful supply of foreign oil could restrain
future domestic oil prices. On the other hand,
restricted availability of imported oil, by
political events or cartel action, could cause oil
prices to rise. Barring political events sufficient
to disrupt foreign supplies, it seems likely that
supply and price will remain relatively stable
through the end of this decade.

Synthetic Fuels

Natural gas, oil shale, coal, tar sands, and
biomass are large resource bases from which
liquid fuels can be derived. Technology is
available to convert all of these materials to lig-
uid fuels. However, considering their abun-
dance, oil shale and coal appear to be the most
promising resources at present. It is, however,
unlikely that coal or oil shale conversion will be
pursued on a commercial scale in the forseeable
future without substantial improvements in
technology that would lower capital and
operating costs. Considerably higher product
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prices most likely will be required to offset the
high costs and risks of synfuel projects. Further,
environmental considerations may impose con-
straints that could add substantially to already
high manufacturing costs.

Effects of Other Energy Sources
on Enhanced Oil Recovery

The surplus of foreign oil and a preference
for exploration and conventional development
projects probably will have the greatest in-
fluence on EOR application, especially in the
near term. Synfuels, coal, and nonhydrocarbon
fuels probably will have only a small influence
on EOR development.

Assuming that U.S. demand for liquid fuels
will be essentially constant through the end of
the century, it is likely that oil produced
domestically, as a result of exploration and con-
ventional development or from EOR projects,
will neither sustain the existing domestic pro-
duction level nor displace imported oil. For the
near term, the present worldwide surplus of oil
serves to hold prices stable or even exert some
downward pressure, depending upon pro-
duction restraints exerted by OPEC nations.
Although a dominant part of the surplus capa-
cityresides in OPEC nations of the Middle East,
where prices are controlled by political as well
as market forces, the near-term prices are also
affected by the availability of crude oil supplies
from non-OPEC nations. It was the growth in
this crude oil supply, coupled with reduced de-
mand caused by substantial conservation and
depressed economic conditions, that led to the
decreasing price trend since 1981.

Overall, the very large reserves of the Mid-
dle East could dominate the worldwide supply
picture through the remainder of this century.
Import availability from this area will be a
significant influence on crude oil prices
worldwide and thus on EOR development proj-
ects in the United States for.some time to come.

Exploration and conventional development
activities could affect EOR in the near term by
successfully competing for available invest-
ment capital. Because of the large investments
and uncertainty of most EOR projects, explora-
tion and conventional development projects
may be more attractive economically. The cur-
rent flow of capital to conventional projects cer-
tainly indicates that they are preferred over
EOR projects today. How long this situation will
continue is a matter of conjecture. The trends,
however, seem to be towards higher finding
costs for exploratory oil and fewer opportunities



for conventional development. If continued,
these trends ultimately could result in en-
hanced oil recovery being a more attractive
alternative for investment funds than it is now.

Current forecasts through the year 2000 in-
dicate that only minor volumes of synfuels will
be produced. Combined production from oil
shale and coal conversion may be no more than
200 thousand barrels per day in the year 2000.8
Although forecasts are uncertain, the long lead
times required to obtain large commercial pro-

8See footnote 4.

duction of synfuels preclude significant growth
before the end of the century.

Coal, nuclear, hydroelectric, solar, and
geothermal power generation could influence
the application of enhanced oil recovery to the
extent that they can be substituted for liquid
fuels. Economic considerations, environmental
constraints, and political circumstances ap-
plicable to these nonpetroleum sources of
energy will control how fast they are
substituted for conventional liquid and gaseous
fuels. Any replacement of crude oil as a general
energy source will reduce its demand, and
perhaps price, such that EOR development
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could be suppressed. However, massive shifts
from liquid fuels to alternative energy sources
before well into the next century appear un-
likely considering current economic conditions,
overall oil supply, available infrastructure, and
demand. There might be some impact from coal
subsitution in power generation, however.

Although coal is a potential source for lig-
uid hydrocarbons, it is also a significant
primary energy source for electric power
generation. It can be seen from the energy
forecast of Figure 47 that coal consumption is
projected to grow substantially through the
year 2000. Its abundance and existing in-
frastructure make it the mostlogical substitute
fuel for natural gas and crude oil in the power
generation industry. Such substitutions could
impact demand growth for petroleum-derived
fuels and could retard growth in EOR applica-
tions insofar as they act torestrain oil prices to
levels that discourage EOR investment.

Within the time frame covered in this study
of enhanced oil recovery, the impact of
nonhydrocarbon sources should be relatively
small.? The main sources of nonhydrocarbon
energy in the forseeable future are nuclear,
solar, hydroelectric, and geothermal, which

9See footnotes 3 and 4.
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together in 1982 supplied about 9 percent of the
nation’s needs.!°

Application of nuclear energy is, and will
continue to be, limited to generation of electric
power. While nuclear fission as an energy
source is a reasonably mature technology, it is
troubled with significant capital costs, and with
a lack of public acceptance. Due to completion
of nuclear power generation projects already
underway, forecasts indicate near-term growth
in nuclear energy supply of about 6 percent an-
nually through 1990 and only about 1 percent
annual growth after 1990.!

The contribution of solar energy to total
energy supply by the end of this century is pro-
jected to be relatively small. There also is some
potential growth in energy supplied by
hydroelectric and geothermal stations. Any
growth in energy supply from these sources
could partially displace other sources of energy
for heating, such as electricity generated by coal
and nuclear fission, as well as liquid hydrocar-
bons. Combined growth of these sources is ex-
pected to exceed 1 percent annually,'? and may
be as high as 2.5 percent annually (Figure 47).
The probable impact on EOR development,
however, appears to be negligible.

toSee footnote 2.
'1See footnote 4.
12See footnote 4.
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Palbiey Consiceralfions

Preceding sections of this report have ad-
dressed the technical and economic aspects of
enhanced oil recovery. Government policy
should consider more general issues. These
include:

® Social costs and benefits arising from
EOR activities

e The impact of existing government
regulations and policies on EOR
development.

This chapter addresses these broader issues,
and concludes that enhanced oil recovery can
have significant social benefits at minimal
social cost (generally, environmental effects).
Government regulations and policies should en-
courage EOR development. Free market oil
prices will provide the proper stimulus for EOR
production and industry research and develop-
ment efforts. Permitting enhanced oil recovery
to compete on an equal basis with other energy
sources will best serve the national interest.

Environmental Effects and
Benefits to Society

Environmental Effects

EOR projects can have environmental ef-
fects, and the costs of controlling these effects
are considered in evaluating these projects.
There are also benefits to society that are not
considered in project economics and
justification.

Environmental effects associated with EOR
activities are essentially extensions of those ex-
perienced during primary and secondary oil

recovery operations. Concerns about land use,
aesthetic values, tract sizes, surface and sub-
surface waters, and surface disposal have been
recognized and are addressed by current en-
vironmental regulations and industry practices.
It is considered to be in the economic interest
of industry to conduct operations in a manner
that protects the environment. Environmental
considerations, discussed in detail in Appendix
G, are summarized below.

Surface Facilities

In existing fields, access roads, surface well
locations, and process facilities are in place. Ex-
tension and expansion of these facilities for
enhanced oil recovery can be accomplished
with minimal additional effect.

Surface Disposal

Oil recovery operations, including en-
hanced recovery, generate various oilfield
wastes. These are operationally monitored and
disposal is subject to government regulations.

Subsurface Injection

EOR operations involve injection of gases
or liquids into reservoirs in order to increase oil
recovery. Injection operations pose potential
threats to zones that contain potable water. In-
jection operations for secondary recovery have
been the subject of extensive, long-term atten-
tion by both government and industry, with
positive results. Continued vigilance will be re-
quired to maintain this good record for EOR
operations.

EOR operations involve a wide variety of
substances, some of which must be specially
handled in their preparation, use, and recovery.
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These include wastes from chemical mixing
and injection plants, storage sites, combustion
gas scrubbers, production processing sites, and
gas treating facilities. Existing regulation and
practices regarding these materials have pro-
duced an excellent control record.

However, the movement of injected
chemicals through the reservoir into producing
wells is not completely predictable. Laboratory
research and field testing have contributed to
the understanding of the problem, but concerns
remain regarding the possible presence of
chemicals in produced waters. Consequently,
surface discharges of produced waters are
strictly regulated and carefully monitored, both
offshore and onshore.

Benefits to Society

A significant increase in enhanced oil
recovery will have clear-cut social benefits. It
will supply an important product and will result
in more jobs and increased tax revenues. An ex-
tra benefit arises because every barrel of EOR
offsets an imported barrel of oil. To the extent
to which this occurs, enhanced oil recovery will
improve the nation's energy security.

Briefly, those areas in which society will
benefit from EOR programs are:

* Foreign Policy and National Security—
Increases in domestic oii production will
reduce foreign import requirements and
decrease balance of payment deficits.
Reduced dependence on oil imports
would allow greater independence and
flexibility in conducting U.S. foreign
policy. Limiting oil imports from
politically sensitive sensitive areas of the
world would make the United States
more secure from the disruptive effects
of another embargo.

* Increased Reserves—With EOR technol-
ogy it will be possible to recover an in-
creased percentage of oil in place in ex-
isting reservoirs and newly discovered
fields. The resulting increase in oil
recovery would expand the nation’s
recoverable resource base.

¢ Benefits to Industry—EOR activities re-
quire more engineering, monitoring, and
overall attention than conventional pro-
duction methods and will require more
skilled manpower. Ancillary industries
will see increased employment as a
result of drilling new wells, building new
facilities, etc. Expanded EOR programs
will cause expansion in those industries
supplying materials for the individual
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projects and in all ancillary activities. An
example would be the large amount of
chemicals required for surfactant EOR.

* Transition to Alternate Energy
Sources—Development of EOR provides
more time for transition from oil and gas
to alternate energy sources such as
synfuels.

* Government Revenues—Severance,
property, and income taxes and royalty
payments to governments that are im-
posed on EOR projects will contribute to
the funding of government services.

These social benefits are obvious. The
social costs associated with EOR operations
have been recognized as primarily environ-
mental. Potential problems can be managed
through diligent attention and action by the oil
industry, working within the framework of cur-
rent environmental regulations.

Government Regulation and Policy

The effect of government regulation and
policy on EOR activity since 1976 is discussed
to some extent in various sections of this report.
Key elements that should be considered in set-
ting future regulations and policies are dis-
cussed below.

Tax Policies

The value of oil realized by the producer is
the most important factor affecting EOR ap-
plication and drives the rate of technical
development. This value is a result of supply
and demand, combined with royalty, tax, and
other regulatory policies affecting crude oil
prices. A change in any of these will also change
the value of crude oil realized by the producer
and alter the rate of EOR development.

Oil production by enhanced recovery is
more costly than production by most conven-
tional methods. There are a few exceptions,
such as high-cost frontier areas. Because of
these high costsand the heavy front-end invest-
ment required for most EOR projects,
economics are modest. Tax policies that reduce
the value of oil realized by the producer will
worsen the economics of enhanced oil recovery
and decrease ultimate recovery from EOR
development.

Financial Risks Associated with
Enhanced Oil Recovery

A major consideration affecting the
petroleum industry's willingness to commit



additional funds to EOR projects is the attrac-
tiveness of these investments compared to alter-
native opportunities. Uncertainties about future
price controls and taxes add to project risk and
tend to discourage investment in long-term, low
rate of return projects. Thus, some EOR proj-
ects that may be economically viable will not
be implemented. Government actions that
reduce the perceived risks of enhanced oil
recovery will increase the number of EOR
projects.

Pending Government Legislation

Lengthy delays in passing pending legisla-
tion or issuingregulations almost always cause
delays within the industry regardless of
whether the new policies are favorable or un-
favorable. If they are favorable, industry nor-
mally cannot take advantage of them until they
are approved in final form so there is very little
anticipatory benefit. In contrast, if there is any
doubt whether the legislation is going to have
a positive or negative effect, the overwhelming
tendency is to perceive the impact as worse
than it actually might be. As a result, industry
begins to react even before the regulations are
finalized.

Over the years the petroleum industry has
complied with newly enacted state and federal
standards. The facts are, however, that these
changes take time and lead to a period of ad-
justment during which delays in implementa-
tion usually occur.

Royalties and Severance Taxes

High royalities and severance taxes
discourage EOR investment since they are
claims on gross revenue rather than net earn-
ings, and, thus, represent a burden that would
preclude development of otherwise economic
reserves and hasten abandonment of fields pro-
ducing close to their economic limit. Chances
of EOR development are increased by keeping
economically marginal fields on production.
This is especially true in mature offshore areas
such as the Gulf of Mexico. Very few EOR proj-
ects could bear the costs of replacing offshore
platforms in abandoned fields. In addition,
lower royalties and severance taxes could ac-
tually increase total government revenue from
marginal fields by keeping them on production
longer.

Research and Development

The various EOR processes are not at the
same state of technological development.
Research and development are needed in cer-
tain areas toreduce the technical uncertainties
that currently delay commercial development.

Industry in conjunction with universities and
government must ensure that the necessary ef-
fort is put forth to develop the required
technologies that will enable the recovery of the
large volume of hydrocarbons discussed in this
report. Support of university research pro-
grams, by both industry and government,
should be encouraged.

The full-scale development of enhanced oil
recovery will continue to require the industry
to spend considerable high-risk research and
development funds. Appropriate tax credits
that assist in the recovery of these investments
should be continued and considered in develop-
ing future policy and regulations. As a general
rule, the government should not directly sub-
sidize field testing. A very promising technical
innovation requiring highly instrumented field
testing, however, should receive consideration
for government investment when the test
would otherwise not go forward, and if the in-
dustry provides substantial front-end cost-
sharing.

Operational Issues

Lost Opportunities

Many oil fields in which waterfloods were
started in the 1950s have now reached ad-
vanced stages of depletion. Some are ap-
proaching their economic limit and many wells
are being plugged and abandoned. For these
fields, it would be best if EOR projects, where
feasible, were initiated while the existing wells
and surface equipment are still intact and
usable. Otherwise, the added cost incurred in
redrilling wells and replacing production
facilities will make many EOR projects
uneconomic. In offshore operations, the added
costs of redrilling would be compounded by the
need to install new drilling platforms. Few, if
any, projects could withstand this additional
cost.

All producing states have statutes or
regulations requiring oil and gas wells to be
plugged upon final abandonment or within a
specified time after production ceases. Such
plugging requirements are designed to avoid
pollution by preventing oil, gas, and salt water
from escaping at the surface or into subsurface
water-bearing formations.

Ordinarily, when field or unit operators
desire to retain a well for evaluation and future
re-entry or injection, they may apply to a state
regulatory agency for an exception to the plug-
ging rule. However, numerous individual
operators having wells nearing the economic
limits of current operations may plug and aban-
don such wells because they cannot foresee any
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economic incentive for future EOR projects in
the area. Government policies that facilitate the
retention of potentially useful wellbores in an
environmentally safe manner are encouraged.

Unitization

Many producing reservoirs are character-
ized by multiple ownership and will require
unitization to implement EOR projects. Uni-
tized EOR operations involve some cooperation
among production firms. One producer usually
is designated as the operator, but all parties
with ownership interest share in the investment
costs, operating costs, and production on the
basis of prearranged terms.

Regulations that create different oil price or
tax treatment for different owners in the same
field also create different incentives for EOR
projects. This complicates unitization and may
make it impossible. The present Windfall Profit
Tax Act is a good example of such legislation.

Any present or future laws or regulations
establishing differential price ceilings, tax treat-
ment, or other regulatory controls for different
classes of oil and gas producers substantially
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reduce the prospect of reaching mutual agree-
ment on unitization required for implementa-
tion of EOR projects.

Disincentives

Government policy and regulations should
be carefully assessed to eliminate disincentives
for the implementation of EOR. Clearly this
could have dramatic results on the future poten-
tial for EOR. The current Windfall Profit Tax is
a disincentive for all oil exploration and produc-
tion, including EOR. While the Windfall Profit
Tax is lower for EOR, the regulationsstill do not
provide clear incentives for industry-wide
development of enhanced oil recovery.

The above considerations indicate that
government policy and the regulatory environ-
ment can have a significant impact on en-
hanced oil recovery. Free market oil prices,
undistorted by multiple pricing and differential
tax treatments, will provide the most efficient
distribution of resources to all forms of oil
recovery, including enhanced oil recovery. In
the long term, this will act to maximize the
supply of domestic crude oil.
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Appendixyal

THE SECRETARY OF ENERGY
WASHINGTON, D.C. 20585

March 10, 1982

Mr. John F. Bookout
Chairman
- National Petroleum Council
1625 K Street, N.W.
Washington, D.C. 20006

Dear Mr. Bookout:

The President has stressed that the continuing ability of our petroleum
industry to develop damestic oil and gas resources is essential to
ensuring a secure and reliable energy supply for the Nation. Enhanced
0il recovery technology is of significant interest because of the large
nunber of damestic fields to which it may be applied. The average
recovery fram conventional primary and secondary recovery methods is
expected to be only about one-third of the original oil-in-place, leaving
approximately 300 billion barrels in currently known reservoirs. Thus,
enhanced 0il recovery represents an important element in the Nation's
future petroleum production.

At the request of the Department of the Interior, the National Petroleum
Council conducted a study resulting in the 1976 report, Enhanced 0il
Recovery. This report provided valuable information on the state-of-
the-art of the technology, the econamic considerations, and the estimated
potential for enhanced o0il recovery. Additionally, the 1976 report
provided policy recammendations on research and developgment, econamic
incentives, social costs and benefits, envirommental factors, and Federal
policy considerations.

There have been significant changes in the technology and econamics of
enhanced o0il recovery since the 1976 report. I, therefore, request the
National Petroleum Council to undertake a new study of enhanced oil
recovery, updating your previous work where appropriate and expanding
upon it where necessary. For purposes of this study, I will designate
Jan W. Mares, Assistant Secretary for Fossil Energy, to represent me and
to provide the necessary coordination between the Department of Energy
and the National Petroleum Council.

Sjncerely,

LA

James B. Edwards
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DeseniptionfoffthelNationaliBetsoleumiGouneil

In May 1946, the President stated in a letter to the Secretary of the Interior that he had been
impressed by the contribution made through government/industry cooperation to the success of
the World War II petroleum program. He felt that it would be beneficial if this close relationship
were to be continued and suggested that the Secretary of the Interior establish an industry organiza-
tion to advise the Secretary on oil and natural gas matters.

Pursuant to this request, Interior Secretary J. A. Krug established the National Petroleum Coun-
cil on June 18, 1946. In October 1977, the Department of Energy was established and the Coun-
cil's functions were transferred to the new department.

The purpose of the NPC is solely to advise, inform, and make recommendations to the Secretary
of Energy on any matter, requested by him, relating to petroleum or the petroleum industry. Mat-
ters which the Secretary of Energy would like to have considered by the Council are submitted
as arequest in the form of a letter outlining the nature and scope of the study. The request is then
referred to the NPC Agenda Committee, which makes a recommendation to the Council. The Council
reserves the right to decide whether or not it will consider any matter referred to it.

Examples of recent major studies undertaken by the NPC at the request of the Department
of the Interior and the Department of Energy include:

e U.S. Energy Outlook (1971, 1972)

* Potential for Energy Conservation in the United States: 1974-1978 (1974)

* Potential for Energy Conservation in the United States: 1978-1985 (1975)

e (Ocean Petroleum Resources (1975)

e Petroleum Storage for National Security (1975)

¢ Enhanced Oil Recovery (1976)

® Materials and Manpower Requirements (1974, 1979)

® Petroleum Storage & Transportation Capacities (1974, 1979)

* Refinery Flexibility (1979, 1980)

e Unconventional Gas Sources (1980)

o Emergency Preparedness for Interruption of Petroleurm Importsintothe United States(1981)

e U.S. Arctic Oil & Gas (1981)

e Environmental Conservation—The Oil and Gas Industries (1982)

e Third World Petroleum Development: A Statement of Principles (1982)

e Petroleum Inventories and Storage Capacity (1984)

The NPC does not concern itself with trade practices, nor does it engage in any of the usual

trade association activities. The Council is subject to the provisions of the Federal Advisory Com-
mittee Act of 1972.

Members of the National Petroleum Council are appointed by the Secretary of Energy and repre-
sent all segments of petroleum interests. The NPC is headed by a Chairman and a Vice Chairman,
who are elected by the Council. The Council is supported entirely by voluntary contributions from
its members.
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National§BetzolenmiGouncilfRostes

ACKMAN, Fredric C.

Chairman of the Board, President
and Chief Executive Officer

Superior Oil Company

ALLEN, Jack M., President
Alpar Resources, Inc.

ANDERSON, Glenn P., President
Andover International, Inc.

ANDERSON, Robert O.
Chairman of the Board
Atlantic Richfield Company

ANGELO, Ernest, Jr.
Petroleum Engineer
Midland, Texas

BADEN, John A., Director
Political Economy Research Center

BAILEY, Ralph E.
Chairman and

Chief Executive Officer
Conoco Inc.

BARTON, W. A.
Chairman of the Board
Barton Valve Company, Inc.

BASS, Sid R., President
Bass Brothers Enterprises, Inc.

BOOKOUT, John F.
President and

Chief Executive Officer
Shell Oil Company

BOWEN, W. J.

Chairman of the Board and
Chief Executive Officer

Transco Energy Company

BRICKER, William H.
Chairman and

Chief Executive Officer
Diamond Shamrock Corporation

BRUMLEY, I. Jon
President and

Chief Executive Officer
Southland Royalty Company

BRYANT, Juanita M.
International President
General Federation

of Women's Clubs

BUFKIN, I. David
Chairman of the Board and
Chief Executive Officer
Texas Eastern Corporation

BURTIS, Theodore A.
Chairman of the Board
Chief Executive Officer
Sun Company, Inc.

CALDER, Bruce, President
Bruce Calder, Inc.
Oil and Gas Operations

CARL, William E., President
Carl Oil & Gas, Inc.

CARVER, John A, Jr.
College of Law
University of Denver

CHANDLER, Collis P., Jr.
President
Chandler & Associates, Inc.

CHENAULT, James E., Jr.
President and

Chief Executive Officer
Lone Star Steel Company
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CHILTON, H. T.
President and

Chief Executive Officer
Colonial Pipeline Company

CLARK, E. H,, Jr.
President and

Chairman of the Board
Baker International

COFFMAN, J. B.
President and

Chief Executive Officer
Aminoil Inc.

COPELAND, Mark G., Partner
Copeland, Landye, Bennett and Wolf

COPULOS, Milton
Energy Analyst
Heritage Foundation

COWDEN, Julianan
JAL Ranch
Alvardo, Texas

COX, Edwin L.
Oil and Gas Producer
Dallas, Texas

COYLE, Alfred J.
Managing Director
Blyth Eastman
Paine Webber, Incorporated

CRUIKSHANK, Thomas H.
President and

Chief Executive Officer
Halliburton Company

DORN, David F., President .
Forest Oil Corporation

DOUCE, Wm. C.

Chairman of the Board and
Chief Executive Officer

Phillips Petroleum Company

EMISON, James W., President
Western Petroleum Company

ERICKSON, Ronald A.
Chairman of the

Executive Committee
Erickson Petroleum Corporation

EVANS, James H., Chairman
Union Pacific Corporation

FOSTER, James J., President
Venture Trading Company, Inc.

GALLAND, R. L.
Chairman of the Board
American Petrofina, Incoporated

GARVIN, C. C., Jr.
Chairman of the Board
Exxon Corporation

GARY, James F.

Chairman of the Board and
Chief Executive Officer

Pacific Resources, Inc.

GEITZ, William D.
Chairman and

Chief Executive Officer
Union Texas Petroleum

GLANVILLE, James W.
General Partner
Lazard Freres & Co.

GOLDEN, Albert C., President
Golden Engineering, Inc.

GONZALEZ, Richard J.
Austin, Texas

GOODRICH, Henry. C.
Chairman and

Chief Executive Officer
Sonat Inc.

GOTTWALD, F. D., Jr.
Chief Executive Officer,
Chairman of the Board and
Chairman of Executive Committee
Ethyl Corporation

HALBOUTY, Michel T.

Chairman of the Board and
Chief Executive Officer

Michel T. Halbouty Energy Co.

HALL, John R.
Chairman and

Chief Executive Officer
Ashland Oil, Inc.

HAMILTON, Frederic C.

Chairman, Chief Executive Officer
and President

Hamilton Oil Corporation



HAMMER, Armand
Chairman of the Board and

Chief Executive Officer
Occidental Petroleum Corporation

HANLEY, Wm. Lee, Jr.
Chairman
Hanley Petroleum Inc.

HARTLEY, Fred L.
Chairman and President
Union Oil Company of California

HAUN, John D., President
Barlow & Haun, Inc.

HEFNER, Raymond H., Jr.
President
Bonray Energy Corporation

HESS, Leon
Chairman of the Board
Amerada Hess Corporation

HOFFMAN, Terry, Commissioner
Minnesota Public
Utilities Commission

HOOPMAN, H. D.
President and

Chief Executive Officer
Marathon Oil Company

HUFFINGTON, Roy M.
Chairman of the Board and
Chief Executive Officer

Roy M. Huffington, Inc.

HUTCHISON, William L.
Chairman of the Board
Texas Oil and Gas Corp.

JONES, A. V., Jr.
Partner
Jones Company

JONES, Jon Rex, President
Independent Petroleum Association
of America

KELLER, George M.
Chairman of the Board and
Chief Executive Officer
Standard Oil Company of California

KEPLINGER, H. F.
President and

Chairman of the Board
The Keplinger Companies

KETELSEN, James L.
Chairman and

Chief Executive Officer
Tenneco Inc.

KOCH, Charles G.
Chairman and

Chief Executive Officer
Koch Industries, Inc.

LEE, James E.
Chairman of the Board
Gulf Oil Corporation

LICHTBLAU, John H., President
Petroleum Industry Research
Foundation, Inc.

LIEDTKE, J. Hugh
Chairman of the Board
Chief Executive Officer
Pennzoil Company

McKINLEY, John K.
Chairman and

Chief Executive Officer
Texaco Inc.

McLEAN, C. M.
Independent Petroleum Geologist
Lafayette, Louisiana

McPHERSON, Frank A.
Chairman and

Chief Executive Officer
Kerr-McGee Corporation

MAGUIRE, Cary M., President
Maquire Oil Company

MAYER, Frederick R., President
Captiva Corporation

MEDDERS, Tom B., Jr.
Partner
Medders Oil Company

MILLER, C. John, Partner
Miller Brothers

MISBRENER, Joseph M., President
Qil, Chemical & Atomic Workers
International Union, AFL-CIO

MITCHELL, George P.

Chairman, Chief Executive Officer,
and President

Mitchell Energy and
Development Corporation
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MOFFETT, James R.

Co-Chairman of the Board and
Chief Executive Officer

McMoRan Oil & Gas Company

MONAGHAN, Robert L., President
Cal-Mon Oil Company

MORAN, R. J.
Chairman of the Board
Moran Energy Inc.

MORROW, Richard M.
Chairman of the Board
Standard Oil Company (Indiana)

MOSBACHER, Robert A., Chairman
Mosbacher Production Company

MURPHY, C. H., Jr.
Chairman of the Board
Murphy Oil USA, Inc.

NOBLE, Samuel R.
Chairman of the Board
Noble Affiliates

O’SHIELDS, R. L.
Chairman of the Board
Panhandle Eastern Corporation

PACKER, William B.
Chairman of the Board
Seaview Petroleum Company

PALMER, C. R.

Chairman of the Board and
President

Rowan Companies, Inc.

PARKER, Robert L.
Chairman of the Board and
Chief Executive Officer

Parker Drilling Company

PETERSEN, Sidney R.
Chairman of the Board and
Chief Executive Officer

Getty Oil Company

PETTY, Travis H.
Chairman and President
The El Paso Company

PHILLIPS, John G.

Chairman of the Board

The Louisiana Land and
Exploration Company

PICKENS, T. Boone, Jr.
President and

Chairman of the Board
Mesa Petroleum Company

PITTS, L. Frank, Owner
Pitts Energy Group

PODARAS, Stratton C.

President and Chief Executive Officer

Equitable Petroleum Corporation

PRUET, Chesley R., President
Pruet Drilling Company

PRUNER, Harold
Petroleum/Financial Consultant
Riverside, Connecticut

RIDGWAY, Julius M., President
Coastal Exploration, Inc.

ROBERTSON, Corbin J.
Chairman of the Board
Quintana Petroleum Corporation

ROSENBERG, Henry A., Jr.
Chairman of the Board and
Chief Executive Officer
Crown Central Petroleum

Corporation

SIMMONS, Donald M., President
Simmons Royalty Company
Petroleum Production

SMART, S. Bruce, Jr.
Chairman and

Chief Executive Officer
The Continental Group, Inc.

SMITH, Weldon H.
Chairman of the Board
Big 6 Drilling Company

STEVENSON, William A., President
Imperial Resources, Inc.

TEAS, Paul C., Jr.
Independent Producer
Dallas, Texas

THOMAS, Robert E.
Retired Chairman of the Board
MAPCO Inc.



THOMPSON, John P.
Chairman of the Board and
Chief Executive Officer
The Southland Corporation

THOMPSON, Robert J.
President and
Chief Executive Officer
Thompson Well Servicing, Incorporated

TRICE, Cliff W., President
Dal-Long Oil Company

TRUE, H. A., Jr.
Partner
True Oil Company

WARD, L. O.
Owner-President
Ward Petroleum Company

WARNER, Rawleigh, Jr.
Chairman of the Board
Mobil Corporation

WARREN, John F.

Independent Oil Operator/
Producer

Austin, Texas

WEST, Robert V., Jr.

Chairman of the Board and
Chief Executive Officer

Tesoro Petroleum Corporation

WHITEHOUSE, Alton W., Jr.
Chairman of the Board and

Chief Executive Officer
The Standard Oil Company (Ohio)

WILLIAMS, Joseph H.
Chairman of the Board and
Chief Executive Officer

The Williams Companies

WISCHER, Irene S.
President and

Chief Executive Officer
Panhandle Producing Company

WRIGHT, M. A.

Chairman of the Board and
Chief Executive Officer

Cameron Iron Works, Inc.

ZAH, Peterson, Chairman
The Navajo Tribal Council

ZARROW, Henry, President
Sooner Pipe & Supply Corporation

ZEPPA, Kea